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Synopsis

This thesis presents the latest results from the WA�� experiment� The experiment

selects central production reactions of the type pp�pf �X�� ps at ��	 GeV
c where

s and f indicates fastest and slowest particles in the laboratory frame and X� is the

central system�

The development of code to recover V � vertices for the WA�� experiment is

described� This code has been implemented to study channels involving K��s� The

number ofK� s recovered by the code represented �
� of the total number available�

In the centrally producedK�
SK

��� system� clear signals for both the f����
�� and

the f�����	� are seen� Spin�parity analysis of both mesons using Zemach tensor

formalism determined that both states have quantum numbers JPG � ���� The

f����
�� was found to decay via the a���
	�� intermediate step� The f�����	� was

found to decay via K�K only� no 	�� wave being required to explain the observed

data� When comparison is made with 
� and �		 GeV
c central K�
SK

��� data� the

relative proportion of f����
�� to f�����	� is found to be consistent with �		 GeV
c

data� and lower than that at 
� GeV
c� indicating di�erent energy dependences for

f����
�� and f�����	� production�

The branching ratio

f����
��� KK�

f����
��� ��

has been determined from the K�
SK

��� and �������� channels to be 	��� � 	�	��
consistent with the Particle Data Group value�
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Chapter �

Introduction to Gluonic states

��� Introduction

Scienti�c research has long been concerned with trying to understand nature at the

most basic level� but it is only very recently that a comprehensive picture of the

fundamental interactions of matter has started to emerge�

For around a century� we have known that matter is made up of molecules con�

sisting of atoms� themselves comprised of outer negative electrons and a very dense�

positive nucleus� Since the discovery of radioactivity� it became apparent that the

nucleus itself was composite� being found to consist of protons and neutrons� It was

thought at the time that these� along with electrons� represented the fundamental

constituents of matter�

The Strong force was postulated as the force that binds the nucleus together�

overcoming the electromagnetic repulsion that would otherwise force it to break

apart� A particle called the pion was introduced as the mediator of this force� in

analogy to the photon in electromagnetic phenomena� The pion was discovered in

����� but the advent of higher energy accelerators in the �	�s and �	�s revealed that

subatomic behavior was more complex than previously supposed�

Experiments revealed that the neutron� proton and pion were but the lightest in

a large spectrum of particles� collectively labelled Hadrons �particles that respond

to the strong force� as opposed to electrons� which are blind to this force�� It was

found that these particles could be separated into two groups� dependent upon their

intrisic spin� They have either half�integral spin and are called Baryons �such as p�

�



Type Charge Spin Generations

quarks ��
�

�
�

u c t

��
�

�
� d s b

leptons �� �
�

e � �

	 �
�

�e �� ��

Table ���� Standard Model quark and lepton generations�

���  �� or have integral spin and are called Mesons �such as �� and K���

Consideration of the patterns of the particles that were experimentally observed

led to the postulate that hadrons were themselves composite� being made of even

smaller objects called quarks� having fractional charge� The observed particles could

be produced by combining these quarks into one of two di�erent bound con�gura�

tions�

Baryons qqq

Mesons qq

The other group of fundamental particles found experimentally were the Leptons�

This group contains the familiar electron� and also the heavier muon ��� and tau

�� � particles together with the associated neutrinos for the three particles �which

are believed to be massless�� There were found to be � di�erent types� or Flavours

of quarks needed to reproduce the experimentally observed particle groups� having

di�erent masses and charges� The proton� for example� is made up of two up quarks

and a down quark �uud��

These fundamental particles� quarks and leptons� combined with quantum �eld

theories that describe their interactions constitute the Standard Model� The di�er�

ent types of quarks and leptons within the Standard Model are shown in table ����

Particle physics experiments worldwide are currently testing this theory and its

predictions in order to ascertain how well it actually describes particle interactions�

and to look for any new results that may increase our understanding of them�

�



��� Gauge theories of matter

����� Quantum Electrodynamics

Electromagnetic interactions between charged particles are described well by Quan�

tum Electrodynamics �QED�� where the e�ect of the electromagnetic force is medi�

ated by the exchange of a virtual boson� the photon �	�� A charged particle can emit

a photon� in violation of conservation of energy� as long as it exists for a time allowed

by the Heisenberg Uncertainty Principle  t � �h
�E
� where  E is the amount of en�

ergy �borrowed�� This emitted photon could then be absorbed by another charged

particle� In this way the electromagnetic force could be �felt� by two charged parti�

cles in proximity� For example� the repulsion of two electrons is shown in �gure ����

e -

e -

γ

Figure ���� Mediation of electron repulsion via exchange of a virtual photon�

Interactions of this type have been described by QED and its predictions have

found excellent agreement with experimental data�

The electromagnetic force� however� cannot be the force that holds particles such

the proton together� A proton has two u quarks of the same charge� and hence the

electromagnetic force produces a strong repulsion� The strong force� which was

previously thought to act between hadrons must also be present within them� to

overcome this repulsion�

�



����� Quantum Chromodynamics

When attempting to use the quark model to describe observed particles� the model

quickly develops problems when considering particles such as the  ��� which is a

uuu state� having spin �
�
� This spin is produced by combining three identical u

quarks in a symmetric manner� This is forbidden by Fermi statistics� which says

that fermions should exist in an overall antisymmetric state� and yet is the only

combination that produces the known properties of the  ��� The way this problem

was solved was by the introduction of Colour charge� There are three �colours�

possible� labelled red� green and blue� Hence� the three u quarks in the  �� are

now distinguished by their colour charge !�"�

This is not� however� the only evidence for colour� Strong experimental evidence

comes from e�e� collision data� the cross section ratio ��e�e��hadrons	
��e�e������	

� is proportional

to the number of colours� From the experimentally observed data the colour factor

required has the value three !�"� All states of quarks� both mesons and baryons� are

believed to exist in an overall �colourless� state� that is to say that the colour charges

of the individual quarks cancel out �for the two quarks in a meson� one must have

the anti�colour charge of the other for example��

The theory that describes the strong interaction is called Quantum Chromody�

namics or QCD� and by analogy to QED the force acts through the exchange of

virtual bosons� in this case Gluons� In the same way that the electric charge is

the source of virtual photons in QED� the colour charge is the source of gluons�

The gluon exchange between quarks is what binds the quarks to form mesons and

baryons�

There is one very important di�erence between QED and QCD� The carriers of

the electromagnetic interaction carry no charge� and as such are blind to each other

and cannot self�interact� QED is thus described as an Abelian �eld� However the

virtual gluons of QCD must carry colour charge� and as a consequence of this they

will be able to interact with each other� QCD based models have predicted that

because of this self�interaction� bound meson states should exist containing valence

gluons�

�



����� Charge screening and con�nement

The self�coupling of gluons has important consequences� if the e�ects of charge

screening are compared for QED and QCD� In QED� an electron can emit a photon�

or it can emit a photon that can annihilate to an e�e� pair� and so on� In this man�

ner� the electron will exist not just as a �bare� particle� but as a particle surrounded

by other charged particles� positrons and electrons� This e�ect is illustrated in �g�

ure ���� Charge attraction means that the positrons will be preferentially closer to

Figure ���� Example of the electron loops than can be produced about a bare electron�

These e�ects give rise to screening of the electronic charge in QED�

the electron� and in this way� the electron will be surrounded by a cloud of charge�

polarized in such a way as to screen the full electron charge� The practical upshot

of all this is that if one attempts to determine the electron charge by measuring

the Coulomb force experienced by a test charge in the vicinity of the electron� then

the result will be dependent on the position of the test charge� outside the cloud of

positrons then the electron charge will be less than its true value� whereas when the

test charge begins to penetrate the cloud� the observed charge will tend towards its

true value� The variation of charge is calculable by considering all the possible QED

con�gurations that can make up the cloud of charge�

The e�ect of colour charge surrounding a quark can also be considered in a

similar manner� Colour screening around a quark should occur� the quark emitting

a gluon which in turn can produce quark�antiquark pairs etc� However� because

of the gluon self�coupling� then gluon vertices can be produced around the central

quark as well� These e�ects are illustrated in �gure ����

�



Figure ���� Screening of the colour charge of a quark in QCD due to a� quark and b�

gluon vertices�

This means that for a green quark� say� there will be more predominantly green

charge near to the central quark� This is the converse of the situation in QED� If

one now measures the colour charge of the quark� the colour charge will decrease

on penetrating the gluon cloud� Two green quarks will interact asymptotically

through colour �elds of progressively reducing strength� until they behave as free�

non�interacting particles� This �antiscreening� is referred to as Asymptotic freedom�

Because of the colour screening� if two or more quarks are in close proximity�

when they are separated their colour interaction becomes stronger� Through the

interactions of gluons with one another between the two quarks� the lines of colour

force concentrate between them� in a tube like region as in �gure ��� a��

Figure ���� a� the q�q colour �eld between two quarks and b� the Coulomb �eld between

e�e��

This is di�erent from the �eld connecting two electrons� as shown in �gure ���

�



b�� In the case of separating an e�e� pair� there is nothing to stop the lines of force

from separating out� since the photons mediating the force cannot self�interact� The

Coulomb potential energy drops o� as V�r� � �
r
� If the colour tube between the

two quarks has a constant energy density per unit length� then as the two quarks

separate� the potential energy between them will increase with separation� V�r� �
r� The change in the observed charge with distance for both cases is illustrated in

�gure ���� This increase of colour charge at increasing separation means that the

Distance from bare
electron charge

Electron charge

Distance from bare
quark colour charge

Colour charge

a) b)

Figure ���� Change in the observed charge with distance for a� an electron and b� a

quark�

two quarks cannot be separated� This is believed to be the reason for con�nement

of quarks into colourless hadrons�

��� Mesons

Mesons are bound quark states having integer spin� The mesons conventionally iden�

ti�ed comprise a quark and an antiquark in a bound state� qq� Since both the quark

and antiquark have spin �
� � then both triplet states having J � � �vector mesons�

and singlet states of J � 	 �scalar mesons� are expected� The parity� P � of a qq

state is given by

P � ����L����
�



I I� Wavefunction Charge

� � ud � �� ��

� �� �ud � �� ��
� 	

q
�
�
�dd � uu� � �� 	

	 	
q

�
�
�dd � uu� � 
 	

Table ���� Construction of states in the JP � �� nonet
 using only u and d quarks�

where L is the angular momentum between the two quarks� The ����L comes from

the space inversion under the parity operation� The other �� arises because the q
and the q have opposite intrinsic parities� The charge conjugation� C� of a qq state

is given by

C � ����S������L���� � ����L�S

where S is the total intrinsic spin of the qq pair� Because the qq state is a bound

quantum system� then it will have discrete energy levels corresponding to excited

states� This leads to the conclusion that there should exist many possible mesonic

states� These states should be able to be placed into groups� called nonets� each

having similar mass and all having the same JP �

Consider the lowest mass nonet� the pseudoscalars� where all the states have

JP � 	�� If we consider only the u and d quarks then the combinations of table ���

can be constructed� The j
i is the isospin singlet state orthogonal to all the other
states �h
j��i � 	 for example�� The singlet state is symmetric in quark labels if
d� u and d� u whereas the triplet states all change sign�

If the s quark is included� then there are now nine possible states� as listed

in table ���� These nine states break down into a singlet state� the 
�� and eight

other states that can be transformed into each other by the interchange of u�d and

s quarks� Note that the 
� and 

 are orthogonal to each other�

Nonets are conventionally represented in diagrams where the hypercharge� Y

�where Y � B � S� of the particle is plotted against the projection of isospin� I��

The two lowest lying nonets are represented in this way in �gure ����






I I� S Meson Quark combination Mass �MeV�

� � 	 �� ud ��	

� �� 	 �� ud

� 	 	 ��
q

�
�
�dd � uu� ���

�
�

�
�

�� K� us ���

�
�

��
�
�� K� ds ��


�
� ��

� �� K� us ���

�
�

�
�

�� K
�

ds ��


	 	 	 


q

�
�
�dd � uu� �ss� ���

	 	 	 
�
q

�
��dd � uu� ss� ��


Table ���� Construction of pseudoscalar states �JP � ��� formed from u
d and s quarks�
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Figure ���� The pseudoscalar ���� and vector �	�� meson nonets�
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����� Mixing of States

As described above� there are two states� 
� and 

� which can be formed from

the u� d and s quarks� There are two neutral particles that are experimentally

observed with the quantum numbers JP � 	�� the 
 and 
�� These physical states

do not� however� correspond to the 
� and 

 states� but to quantum mechanical

superpositions of the two� This is allowed since the two states have exactly the same

quantum numbers� The mixing angle between the two states is approximately ��

degrees�

The same thing also occurs in the higher mass nonets� In the �� nonet� the

neutral octet and singlet I�	 states mix so that the observed particles are to a good

approximation made up of only strange or non�strange particles�

� � ss � �
s
�

�
�uu� dd�

The mixing angle is approximately �	 degrees� These compositions are borne out

by the decay modes of the two particles� where the dominant decay modes of both

are

� � K�K�

� K�K
�

�
���

� � ������ ��	���

����� Nonet assignments

One of the major concerns of meson spectroscopy is to classify observed mesonic

states into nonets� The current nonet assignments for mesonic states made up of u�

d and s quarks are shown in table ���� The masses� branching ratios and quantum

numbers of these states serve to provide much information about QCD� and as such

the correct identi�cation of observed particles into nonets is an important aspect

of particle physics� This task is sometimes made di�cult due to the possibility of

mixing of states� and there often being several states that may be reasonable candi�

dates for a particular assignment� There may also be more than one state occupying

the same mass region� making experimental resolution di�cult� In addition to this�

�	



�S��LJ JPC I�� I�	 I��
�

�S� 	�� � 
� 

�

K

�S� ��� 
 �� � K��
���

�P� ��� b������� h�����	�� h����
	� K�B

�P� 	�� a���
	� f����		�� f���
	� K�
� ����	�

�P� ��� a�����	� f����
��� f�����	� K�A

�P� ��� a�����	� f�����	�� f
�

������� K�
� ����	�

Table ���� The nonet assignments for mesons identi�ed as qq states
 for states made up

of u
 d and s quarks �The K�B and K�A states are nearly equal mixes of the K��	����

and the K��	������

there are mesonic states predicted that are non qq in nature� and it is to these that

we now turn�

��� Non�qq Mesonic States

Because of the non�Abelian nature of QCD� several di�erent types of gluonic state

are predicted to exist�

An important prediction is the existence of Glueballs� which are bound states

of two or more gluons in an overall colour singlet� Several calculations have been

made using various QCD based models in an attempt to calculate the glueball mass

spectrum� but agreement between the models is only fair� However� most of the

models do converge in assigning masses to lie in the 	�� � � GeV
c� range !�"� !�"�

Recent predictions from lattice gauge theory !�"�!�" for the lowest lying glueballs

indicate that M�����
M�	��� � ��� and that the mass of the lowest lying glueball

is M�	��� � ���	 � ��		 MeV�

The allowed JPC values for two gluon states have been calculated from bag model

considerations� and are 	��� ���� 	��� ���� in order of mass !�"� Two gluon states

cannot form the ��� or ��� states as a result of Yang�s theorem !
"� The lowest

three gluon states are predicted to have quantum numbers 	��� ���� although these

states would lie higher in mass than the two gluon states� In the three gluon case

then the state JPC � ���� which cannot be formed from qq states� is also predicted�

��



Another prediction is that bound states consisting of a mixture of quarks� anti�

quarks and gluons �i�e� qqg� should exist� These are the so�called Hybrid states�

Recent predictions using the �ux tube model !�" for the masses of the lowest lying

states indicate that M ����� 	��� ���� ���� � ��		 MeV�
In addition� qqqq states are believed to be possible� Bag model calculations

!�	" predict that the lowest lying qqqq states would form nonets having the same

quantum numbers as qq nonets� However� recent calculations for qqqq states predict

that most will break up into two colour�singlet mesons� having a decay width of the

same order as their masses� This process is referred to as �fall�apart� !��"� As such�

they would be undetectable to experiment�

Molecular systems such as a bound K�K state have also been predicted to exist

and be experimentally detectable� These predictions are reviewed in !��"� !�" and

!��"�

��� The experimental search for Gluonium

Over the last �	 years� hadron spectroscopy has explored the mass region where it

is thought that exotic gluonic states may be found� and yet these states have not

been conclusively identi�ed� There are several possible reasons for this�

� Glueballs do not exist at all� In this case� QCD should be reviewed�

� Glueballs exist but cannot be detected� since they are very broad and form a
continuum which cannot be disentangled from standard qq states�

� Some glueballs may be narrow enough to be observed� and some may already
have been� but mis�identi�ed as normal quarkonium states�

� Hadron spectroscopy has largely been carried out using reactions where the
interaction is via channels dominated by the exchange of valence quarks as op�

posed to gluons� and hence the channels studied may not have been su�ciently

�glue rich� to produce glueballs�

In view of these problems� the search for exotic gluonia must proceed along the

following guidelines�
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Figure ���� Reaction mechanisms that are believed to be gluon rich
 where it is considered

that gluonic states may be found�

� Look for �oddball� states� i�e� states having JPC quantum numbers that are

not allowed for normal mesonic states� but which are predicted to be allowed

for gluonia� e�g� JPC � ����

� Normal qq states are grouped into nonets having the same JPC and approxi�

mately the same mass� Hence� look for extra states with a JPC of an already

completed nonet� and a mass low enough for it not to be a member of the next

radially excited nonet� There is a problem with this� however� in that only

the lowest lying nonets are fully established� The higher mass nonets� where

it is expected that the lowest mass gluonic states should occur are already

crowded with qq states and their radial excitations so that the groupings into

multiplets are far from certain� Because of this� for any new resonances found�

it will be di�cult to prove that they are of a non�qq nature�

� To look for states preferentially produced in gluon rich processes� If a reso�
nance appears in a process that is believed to involve a gluonic mechanism�

whilst it is suppressed in other processes then this may give some indication of

��



an exotic nature� For example� 		 collisions are thought not to be gluonium

producing reactions since 	s do not couple directly to gluons� Examples of

processes that are believed to be gluon rich are shown in �gure ���� They are�

�i� The hadronic �a� or radiative �c� J
# decay�

�ii� Central production via Double Pomeron Exchange �DPE�� as shown in

�gure ��� b�� The pomeron is an object that is thought to be a multi�gluonic

state� and DPE is thus essentially gluon�gluon scattering� It is this process

that is studied by the WA�� experiment at CERN� The experimental setup

that selects this reaction will be discussed in greater depth in the chapter ��

�iii� Proton�antiproton scattering ��g ��� d� where the annihilation region is a

source of gluons� and thus may form a suitable area where gluonic states may

be formed�

It is hoped that by employment of the above methods� states may be found which

will have an unambiguous non�qq assignment�

��� Some non�qq candidates

����� The f������ and a������

As mentioned previously� four quark states are believed to fall apart into two colour

singlets� However� an exception to this rule was found by Weinstein and Isgur

for scalars corresponding to the qsqs system !��"� The ground state of this four

quark system was found to consist of weakly�bound states of kaon and antikaon�

Weinstein and Isgur referred to these states as KK molecules� The scalars f���
	�

and a���
	� were considered candidates for these states� since their masses were just

below the KK threshold and they had strong couplings to strange �nal states� The

		 couplings of the two were subsequently found to be less than the expected values

for light �P� qq states !��"� The status of the KK molecule assignment has recently

been discussed by Weinstein and Isgur !��"�!��" where the points in favour of a KK

assignment are mentioned�

Further results from radiative decays and 		 partial widths are required in order

to provide further information about the nature of these two states�

��



����� The fJ������

This was considered in early references as a candidate for being a glueball since it

was discovered in radiative � decay !�
" and has no obvious assignment in the qq

spectrum� It was observed in the WA�� central production experiment at �		 GeV

in both K�K� and K�K� decay modes !��"� This spin of this state is currently un�

der dispute with the WA�� experiment favouring a JPC � ��� assignment� Another

experiment !�	" also favours this assignment from partial wave analysis of the K�K�

mass spectrum� The MARK III collaboration �which had previously produced re�

sults that supported a ��� assignment� have produced results indicating that the

fJ ����	� is a JPC � 	�� object !��"� It must be noted that the available statistics

for this resonance put some limit on current analysis� The fJ ����	� has recently

been suggested as being a K�K� molecule candidate� the system being bound by one

pion exchange !��"�!��"� Further experimental data are required in order to better

de�ne this resonance and to understand its nature�

����� The f����	��

A recent Crystal Barrel study !��" of the proton annihilation reactions pp� ������

and pp � 

�� �nds two broad JPC � 	�� states� the f������� with mass ����
���
���

MeV and width $ � ��
 � �	 MeV and the f�����	�� with a mass ���	 � �� and
width $ � ��
������ MeV� The f������� is believed to be consistent with a

�P� qq

state� which would be made up of uu� dd� The f�����	� mass means that if it were

a qq state it would have to be made up of ss� but it has been observed in channels

such as 

 and �� !��"� The mass of the f�����	� is consistent with predictions for

the mass of the 	�� glueball� and its coupling to �avour singlet �nal states is also

consistent with this interpretation� Further study of its decays is needed in order to

enable any detailed interpretations of its structure�

����� The G�f�������

The GAMS collaboration was the �rst experiment to observe theG�f�����	�� having

found it in ��p charge exchange reaction !��"�!��"� This state has JPC � 	�� and

has been observed to decay to 

 and 

�� In particular� the GAMS collaboration

��



have reported a large branching ratio to 

� !��"� This is important since a large



� decay mode could be a signal of glueball decay !��"� The statistics for the 

�

are poor� and so higher statistics are required to validate this branching ratio� An

object compatible with being the G�f�����	� has also recently been observed by the

Crystal Barrel collaboration in the pp� 

�� reaction !�
"� The observation in this

annihilation reaction� where gluonic states are believed to be produced� serves to

give further evidence for a possible gluonic nature�

����� The X	���
� and X	��

�

The WA�� collaboration� the central production experiment that preceeded WA���

reported the observation of two previously unobserved mesons� which it called the

X����	� and X���		�� decaying to the central �������� system in the reaction

pp� p����������p at �		 GeV
c !��"� The X����	� has not been observed in any

other production mechanism although this mass region has been studied thoroughly�

One of the main aims of the WA�� experiment was to con�rm the existence of these

states and to determine their quantum numbers� The WA�� experiment at ��	

GeV
c !�	" did indeed con�rm the earlier data� The X����	� was found to have mass

and width M � ������ MeV� $ � ����� MeV and quantum numbers JPC � 	���

whilst the X���		� has mass and width M � ����� �� MeV� $ � ��� �� MeV and
quantum numbers JPC � ���� The analysis also concluded that the X���		� may be

made up of two JPC � ��� states� The X����	� is of particular interest since it has

only been produced in central production � and it does not �t into the conventional

ground state qq nonet� The WA�� collaboration has recently taken further data at

��	 GeV
c� and this should enable further study of these two mesons�

It is clear from the results presented that several states exist as potential can�

didates for being non�qq mesons� These states have been found in many di�erent

reaction mechanisms� In the cases referred to above� evidence for the non�qq na�

ture is being produced� but further statistics and study are required to produce

overwhelming evidence�

One di�culty encountered in meson spectroscopy is that di�erent experiments

tend to be sensitive to particular channels because of their di�erent experimental

layouts� By comparing data for the same channels for di�erent experiments� further

��



important information about states may be gained� As an example of how this

problem is being solved� the WA�� experiment� which has good charged track mea�

surement� is being combined with the GAMS collaboration which has good neutral

particle identi�cation� in experiment WA�	� at CERN� This combination will en�

able channels such as centrally produced 

 to be investigated in greater depth� for

example� Through continued e�ort to improve experimental techniques� a greater

understanding of non�qq candidates will be developed�

��



Chapter �

WA�� Experimental Details

��� Introduction

The WA�� experiment !��" is designed to study exclusive �nal states formed in the

reaction

pp �pf �X�� ps

where the subscripts f and s indicate the fastest and slowest particles in the labo�

ratory frame respectively and X� represents the central system that is believed to

be produced by a double exchange process� At high centre�of�mass energies these

double exchange processes are thought to be dominated by Double Pomeron Ex�

change �DPE�� where the Pomeron is thought to have a large gluonic content !��"�

leading to the conclusion that Pomeron�Pomeron scattering could be a source of

gluonic states !��" � DPE is also thought to be enhanced when the four�momentum

transferred �t� at the exchange vertices is near zero !��"� The reaction required�

in the centre�of�mass frame� is represented pictorially in �gure ���� Since Pomeron

exchange at each vertex is favoured by small momentum transfer� this implies that

the fast and slow �nal state particles will be very fast and very slow i�e� they will

have values of Feynman x �xF � near �� and �� respectively� The centrally produced
system should be well separated in xF from the fast and slow particles� An example

of the xF distribution required is shown in �gure ��� which shows xF for the �nal

state particles in the centrally produced 
���� channel for the WA�� experiment

at ��	 GeV
c�

�
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Figure ���� Central production as viewed from the centre of mass� This is the kind of

reaction selected by WA�	�
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Since the Pomeron is believed to be a multigluonic object� then this implies

that it will have quantum numbers 	 for strangeness and other �avours� Because of

this� the �nal fast and slow particles must also be protons� The trigger necessary

for obtaining central production events of the kind outlined above thus relies upon

measuring a well separated slow and fast proton for a particular event� and the

means of doing this will be discussed subsequently�

��� WA	� Experimental Layout

The layout of the Omega spectrometer used for the period of data taking during

the Autumn of ���� is shown in �gure ���� The spectrometer is a multi�user detec�

tor designed for measuring �xed�target interactions that produce many �nal�state

particles� It consists of a pair of superconducting Helmholtz coils that are capable

of producing a central �eld of up to ��
T� For the WA�� experiment the �eld used

was ����T�

The WA�� experiment follows on from the original WA�� experiment which took

data in ��
� using a ��
p beam of 
� GeV
c� and a further run in ��
�� using a

�		 GeV
c proton beam� A summary of the results of this experiment is given in

!��"�

Many of the principal results of the WA�� experiment involved strange charged

channels� such as the K�K� and K�
SK

���� These mass spectra are of considerable

interest in meson spectroscopy� However� the statistics for neutral channels were low�

since the GENEVA Photon Detector used as a calorimeter in WA�� was placed a

long way from the target� and had a low acceptance� The WA�� experiment has been

set up to look predominantly at neutral channels� using a di�erent electromagnetic

calorimeter� OLGA �Omega Lead Glass Array� to detect photons� Its position is

nearer to the target to give an improved acceptance for neutral particle decays such

as �� � 		 and 
 � 		� WA�� uses a higher momentum incident proton beam of

��	 GeV
c and there have been several changes from the original WA�� layout in

order to increase particle acceptances and track measurement�

The various components of the Omega spectrometer used in the ���� setup are

described below�

�	
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����� The Target

The target consists of a �	 cm long cylinder of liquid hydrogen in a mylar and

aluminium container� This length of hydrogen constitutes ��� of an interaction

length�

����� The Target Box 	TB�

The target box consists of �	 slabs of scintillator which surrounds the target on four

sides but which is left open at the upstream and downstream ends of the target to

allow beam in and forward particles out� The slabs have a layout and numbering

system as shown in �gure ���� Each slab is �	 cm long� Slabs ���	 are � cm thick�

whilst slabs � and � are 	�� cm thick� The upstream end of the target box is at ��	���

cm in the Omega coordinate system �where zero is at the centre of the magnet��

The main purpose of the TB was to reject events from target di�raction� as part of

the WA�� trigger� This will be discussed in greater depth in the section on trigger

elements�

1 (L) 2 (R)

3

4 5

7

6

89

10

Figure ���� Layout of the scintillator slabs of the Target Box �TB�
 looking downstream�

����� Multi
Wire Proportional Chambers

A proportional counter basically consists of a container of gas subjected to an elec�

tric �eld� A charged particle traversing this gas can produce a trail of ions and

electrons in the gas� These are collected at the chamber electrodes and thus pro�

vide an electrical signal indicating the passage of the charged particle� Proportional

��



chambers act as proportional counters when the applied �eld is large enough to

cause the accelerated electrons to produce secondary ionisation� yet small enough

so that the output pulse is still proportional to the number of primary ion pairs�

The Multi�Wire Proportional Chamber �MWPC� consists essentially of a plane of

anode wires between two cathode plates� surrounded by a gaseous mixture� usually

isobutane and alcohol !��"� In this way� each of the anode wires acts as an individual

proportional chamber�

There are several sets of MWPC�s employed in the WA�� experiment for tracking

of �nal state particles�

The A and B chambers are located downstream of the target� whilst the C

chambers are mounted on either side of the target� The A chambers consist of �

modules� each consisting of � planes of wires �UYV� where the Y planes are vertical

in the Omega system� and the U and V planes are inclined at ��	���o to the vertical�
The B and C chambers consist of 
 modules� each module consisting of � planes �Y�

U or V�� The wire spacing in the A� B and C chambers is � mm and the gas

surrounding the wires is a mixture of isobutane and alcohol�

The central production process as viewed from the lab frame has a distribution

of �nal state particles shown typically in �g ���� For an incident beam momentum

of ��	 GeV
c� the di�erent �nal state particles have the following approximate

momentum ranges�

fast track ��	 � ��	 GeV�c

medium track � � �	 GeV�c

slow track 	�� � ��� GeV�c

The positions of the A� B and C chambers were optimised in order to detect e�ciently

the reaction products as depicted in �gure ���� the C chambers are responsible for

detecting the slow proton� whilst the A and B chambers are used to detect particles

coming from the decay of the centrally produced system�

In addition to these chambers� there are also three MWPC�s of wire spacing

�mm� The �rst of these is just downstream of the target� immediately behind the

VERTEX microstrip detector and just in front of the B chambers� It has four

planes of wires �YZUV� and is used to give extra points for the reconstruction of

��
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Figure ���� Central production as viewed from the lab frame�

tracks coming from the decay of the central system� The other two MWPC�s� each

of which also have � planes of wires �ZYUV and ZYZY� are placed at ����m and

��m downstream of the Omega centre� These are used to give extra points for the

reconstruction of the fast track�

����� The Slow Proton Counters 	SPC�s�

There are two sets of SPC detectors� one on either side of the target� the left and

right SPC�s �left and right are relative to the direction of the incoming beam��These

detectors were placed immediately behind each of the two sets of C chambers� Each

SPC consists of �� slabs of scintillator material supported vertically in an aluminium

frame� SPC�R� has a slab width of � cm� whilst SPC�L� has a width of � cm�

The active length of the slabs is �	 cm� They are used in conjunction with the C

Chambers for identi�cation of the slow proton� This will be discussed in greater

detail in the sections on the C Chambers and the Slow Proton system�
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����� The Drift Chambers

Downstream of the A chambers and outside of the magnetic �eld are two Drift

Chambers� DC� and DC�� at x positions in the Omega system of ��� cm and ���

cm respectively� Each module consists of � planes �YUYV�� with each plane having

a ��� cm spacing between the sense and �eld wires� These chambers are used in

conjunction with the A and B chambers to reconstruct the medium momentum

tracks�

����� Microstrip Detectors

Silicon microstrip detectors are devices that are employed to obtain accurately the

coordinates at which a track passed through them� They basically consist of thin

strips of silicon having a very small pitch ��	�m or smaller�� which are held at some

biasing voltage� typically around �	V� Because of this� the strips are depleted of

charge carriers� In this way� when an ionising particle passes through the silicon�

its ionisation leaves a cluster of charge in a small region of a strip� which is then

detected and ampli�ed� This gives rise to an accurately determined space position�

since the electronics reads out each of the strips or �channels� separately� Because of

their spatial accuracy� they are employed in the WA�� experiment for two purposes�

� Beam reconstruction� There are � modules used to de�ne the trajectory of the
beam particle� Two planes are housed within each module� All the modules

are �xed to a rigid optical bench� which serves as a coordinate reference for

the planes� The modules are separated along the length of the optical bench in

groups� These separate groupings are labelled BEAM�� BEAM� and BEAM��

The planes and the positions they de�ne are tabulated in table ����

� Fast track reconstruction� This is done by four sets of microstrips� placed at
various distances along the beam direction downstream of the target� They are

the VERTEX microstrips� and the �m� �	m and ��m microstrips �see �g ���

for positions relative to other apparatus�� The planes they de�ne are tabulated

in table ���� The VERTEX detector also serves to provide space points for

the reconstruction of the medium momentum tracks that pass through the

A and B chambers� thus giving improved e�ciency for �nding V ��s� These
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Name Planes Pitch Channels Dimensions �mm� X position �mm�

BEAM� � �ZYZY� �	�m ��� �	�����	��� ����

���


�����
�����

BEAM� � �ZY� �	�m ��� �	�����	��� �����
�����

BEAM� � �ZYYZ� �	�m ��� �	�����	��� �����
����

���
�
�����

VERTEX � �ZYYZ� ���m �	�
 ��������� ����
����
����
�
��

�m A� � �ZYZY� ���m �	�
 ��������� ���	
����
��
	
��	�

�	m A� � �ZYZY� ���m �	�
 ��������� �	���
�	�
�
�	���
�	���

��m A� � �YY� �	�m �	�
 ��������� ���	�
�����

Table ���� Positions of the microstrips used in the 	��� run�

microstrips also help to track any beam particles which did not interact in the

target and carried on through the chambers �the so�called BEAM triggers��

����� The OLGA Electromagnetic Calorimeter

The OLGA calorimeter is used in order to detect photons coming from the decay of

particles that were produced in the central system� As such� OLGA can be used for

the investigation of neutral channels eg� ����� or channels with a neutral component

eg� ������ where these neutrals can be reconstructed from the photons detected

by the calorimeter� OLGA consists of three modules�

� An array of �
��� lead glass blocks� each with a surface �����cm� and a

depth of �� cm� corresponding to �
�� radiation lengths� The central block

was removed for the ���� run� leaving a hole of side �� cm about the centre

of OLGA to allow the passage of the beam and fast track unimpeded�

� Samplers� which are large lead glass slabs ������� cm�� of depth �	 cm� which

corresponds to three radiation lengths� These are arranged in a column of ��

samplers down the left and right halves of the front of OLGA� A photon

incident on the sampler will start an electromagnetic shower within it�

� The positional detector made up of scintillator �ngers arranged in four half
planes� There are two horizontal half planes made up of �
	 �ngers �length ���

cm� width ���� cm� depth � cm� and two half planes of vertical �ngers� each

made up of �
	 �ngers �length ���cm� width ���� cm� depth � cm�� Signals in

��



the �ngers� induced by the shower started in the sampler enables the incident

particle position to be accurately established�

OLGA was positioned so that the front face of the samplers was just over �

m downstream of the Omega centre� In this position in Omega� solid angle and

resolution are optimized�

��� The WA	� Trigger

����� Trigger Elements

The aim of the WA�� experiment is to study reactions of the type depicted in

�gure ���� As has been mentioned previously� the important features of a central

production reaction of the kind WA�� requires is that one positively charged fast

track and one positively charged slow track is produced from the reaction� and that

there are other particles generated by the reaction� which are picked up by the

forward chambers and
or OLGA� In the light of this� the following trigger elements

are required�

Pipe Line S2

V2

μS(B2)

S4
V4

μS(B1)

μS(V)

Target

1mm. 
MWPC's

μS(B3)

Beam Pipe

Figure ���� Detector Layout in the target region of the WA�	 experiment�

� A Clean Beam�CB� signal� The relative positions of the detectors that are
used to de�ne CB are shown in �gure ���� There are four di�erent scintillators

that are used to for CB de�nition� namely S�� S�� V� and V�� S� and S� are

��



square scintillators of side ��� cm and 	�
 cm respectively�� and both are � mm

thick� V� and V� are also square scintillators� of side �� cm� and both have

holes in the centre of them� of diameter ��� cm and 	�
 cm respectively� Both

V� and V� are �	 mm thick� The requirement for BEAM is that S� and S�

both have signals� whilst V� and V� do not� implying that the beam hits S�

and S� whilst passing through the holes in V� and V�� CB requires BEAM�

and checks that only one beam particle passes through S� in a time period

of �	 ns� The means by which this is achieved is described below� Figure ���

shows the logic that is used to de�ne clean beam� The CB coincidence requires

B
E
A
M

S2

S4

V2

V4

Shaper
C
B

S2

S2P
S2P

Beam

Figure ���� Beam logic used to de�ne Clean Beam �CB��

a BEAM signal and also S�� S�P and the inverse of S�P� If a signal arrives at

S�� then the signals from the logic are timed to arrive as shown by the solid

lines in �gure ��
� Because of the way the inverted signal from S�P is timed�

the CB coincidence will be satis�ed� If� however� a second particle arrives at

S�� a time  t after the initial particle as shown by the dashed line� then it

means that the inverted S�P signal will have a greater duration� preventing

the CB coincidence from producing an output� and thus rejecting the event�

For a pulse with a width for S�P of T� then this will block particles for a time

T after the incident particle on S��

�
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Beam
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Figure ��
� Timing of signals to the CB coincidence�
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� A fast particle trigger� Triggering on the fast particle is done by demanding a
coincidence between two scintillation counters� A� and A�� placed close to the

downstream microstrips �see �gure ��� �� These are square slabs of side ���

cm and � cm respectively� A� is placed �
��� cm downstream of the Omega

centre� whilst A� is at �	���� cm�

� A slow particle trigger� The slow proton trigger comprises two parts� for a
left slow proton trigger� for example� the BOX slab TB��L� must �re� �see

�gure ��� for the BOX layout� and a coincidence is demanded between this

and either one or two of the slabs of SPC�L�� Conversely� for a right slow

proton trigger� then a coincidence is required between TB��R� and one of the

slabs of SPC�R�� There is a reaction that competes with central production�

that of target di�raction� as depicted in �gure ��� which produces several slow

particles in the laboratory frame and the trigger is set up to exclude these

events in the following manner� It is demanded that no other slabs in the

target box �re� only TB��L� or TB��R��

Target particle

Beam particle

Single 
pomeron 
exchange

Several slow 
particles

Fast particle

Figure ���� The process of target di�raction
 a reaction that competes with central pro�

duction in pp reactions�
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Since the SPC requirement is that � or less slabs �red� then this also serves

to reduce target di�raction� eliminating events where several slow momentum

tracks may have gone through only one of the BOX slabs� The trigger coin�

cidence that decides if these conditions have been ful�lled takes place �
 ns

after an S� signal has been received� Selection of the slow proton is mentioned

more fully in the slow proton section�

� Neutral particle trigger� OLGA was used to trigger on neutral particles� Pho�
tons from a neutral decay will lead to an energy deposition in one or more

blocks of the OLGA array� A neutral trigger was de�ned by having signals

from at least one block of OLGA� and a minimum energy deposition of � GeV�

��� The Slow Proton System

The slow proton system forms an integral part of the WA�� setup� since the slow

proton is one of the necessary requirements to select central production events� The

layout of the detection system is shown in �gure ���	� There are two sets of slow

proton detectors� one on each side of the target� to the left and the right of the

target relative to the beam trajectory�

Each slow proton detector consists of three elements� The �rst of these are

the target box elements� TB��L� and TB��R�� each 	�� cm thick and �	 cm long�

Immediately behind each of these are the C chamber MWPC�s which consist of ��

planes of wires� Finally� there are �� slabs of the Slow Proton Counter �SPC�� The

SPC�s for both the left and right� SPC�L� and SPC�R� are basically the same� both

having an active length of �	 cm and thickness � cm The slab widths of the two

are marginally di�erent� SPC�L� has a slab width of � cm whereas SPC�R� has a

width of � cm� Subsequent sections will describe how signals from these elements

were combined to discriminate between slow protons and pions in the slow proton

detection system� for particles in the momentum range 	������ GeV�
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Figure ���	� Layout of the WA�	 slow proton detection system�
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��� The C Chambers

The C chambers are used in WA�� to reconstruct the path of particles passing

through them� in order to establish their momentum� For each of the left and right

sets of �� planes there are 
 Y planes which are vertical in the Omega system� and

� each of the U and V planes which are inclined at ��	���o to the vertical� The
sixteen planes are grouped into 
 modules� each module having a Y plane and either

a U or a V plane� An exploded view of two C chamber modules is shown in �gure

����� Each of the planes contains ��� wires of pitch � mm�

V-plane

Y-plane

U-plane

Cathode
plane

Y-plane

Figure ����� Exploded view of two C Chamber modules�

The alignment of the planes of both sets of C chambers is shown in �g� ���	�

Because of the direction of the magnetic �eld� the path of low momentum positively

charged particles on both sides of the the target will be as indicated by the curved

lines in �gure ���	� This necessitates placing the C chamber planes of the right hand

system at right angles to the planes of the left system� in order to obtain a better

acceptance for particles on the right�

In the ���� run� the C chambers were used to select slow protons by requiring
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hits on certain planes� For the left set of chambers� C� and C� were required to have

� or � wires �ring per plane to ensure that the track was a clean one� C� and C�

were chosen since they were planes in the centre of the detector� and both planes had

good e�ciency �the numbering system for the left hand C chamber starts with C�

closest to the target�� The condition for the right hand system was similar� requiring

that � or � wires �red in C� and C� �where C� is the most upstream plane�� These

planes were chosen to be the most downstream planes of the right hand system�

since this choice maximised acceptance for positive particles�

By using this selection process� the C chambers were used to reconstruct particle

tracks� the Y chambers producing the x�y coordinates of the track and the U and V

planes giving the z coordinates in the Omega system�

��� Momentum�Pulse height Correlation

The momentum of a track was found by using hits in the C chambers to reconstruct

the curve of the particle� since it describes a helix� Following the helix �t� the

curve is extrapolated to the plane of the SPC slabs� If a slab has �red at this

extrapolated position� then the pulse height in the slab is used to produce a pulse

height�momentum correlation� The correlation can be well�described by the Bethe�

Bloch formula� which models the process of energy loss as a particle traverses a

slowing medium�

����� Bethe
Bloch Energy Loss

When a particle of mass M � me� the mass of an electron� and charge Zinc is

incident at a speed �c through a slowing medium it dissipates energy principally

through electromagnetic interactions with the electrons of the medium� The mean

rate of energy loss per unit length is called the stopping power and is described by

the Bethe�Bloch formula !��"�

dE

dx
�

D Zmed 
med �Zinc�
�fln��me�

���c�

I
�� ��g

Amed��

where

D � 	��	� MeV cm��g

��



I � ���Zmed�
��
 eV � I characterises e� binding energy


 � ���� g�cm� for a plastic scintillator

The scintillator material can be parameterized using�

Amed � ���

Zmed � ���

��
 Pulse Height�momentum distributions

Figure ���� shows a typical pulse height vs momentum plot for one of the slabs of

SPC�L�� This shape is of the Bethe�Bloch form� the maximum of the distribution

corresponding to a particle just being stopped by the scintillator material� The
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Figure ����� Pulse height�momentum correlation for the left slow proton system�

broad band making up most of the distribution is due to slow proton energy loss�

The other� less dense region towards the bottom of the plot is due to the presence

of slow pions� For a given momentum� protons will deposit greater energy in the

scintillators than pions� giving rise to the observed di�erence in pulse height� This

separation is used to eliminate slow pions from the WA�� trigger� Pulse height
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momentum correlations are produced for each slab of both SPC�s and these are

used to set the ADC discriminator thresholds to exclude the low signal pions�

����� Event Classi�cation

In an experiment that seeks to pick out reactions of the type depicted in ���� any

reactions will be dominated by elastic scattering� An elastic event may generate a

slow proton� and the original beam particle will continue on its way without any

central system being formed� An elastic event is categorised by having a fast and a

slow particle travelling in opposite senses� i�e� one to the left and one to the right�

and no medium momentum tracks�

In order to eliminate these events� trigger elements are combined to classify

events into one of the following categories�

LL

RR

LR with OLGA

RL with OLGA

BEAM

LR with FASTRO

The �rst letter of the left �L� and right �R� assignments is determined by which

of the slow proton conditions were met� the second R or L assignment depends on

which of the two counters A��L� or A��R� �red� These two counters are positioned

immediately behind A� and they serve to establish the direction of the fast particle�

The �rst �ve of the conditions listed above constitute the LEVEL � trigger� where

this is the fast trigger part of an event �the LL� RR� LR� and RL assignments are

made within ��� ns after the S� signal� the extra OLGA decision is made within

��	 ns��

From these assignments� elastic events can be rejected by only considering events

with either a fast left particle with a slow left particle� �i�e� LL� or a fast right particle

with a slow right particle �RR�� since these cannot be elastic� Other allowed events

are those where there is for example a slow left and a fast right particle� together

with a signal from the OLGA calorimeter �LR with OLGA��
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Subsequent to the LEVEL � trigger� there is the LEVEL � trigger� At this stage�

multiplicities from the wire chambers are used in order to do further checks on an

event� The LEVEL � trigger checks the multiplicity of planes of di�erent chambers�

It checks two speci�c planes in the C chambers and requires that only one or two

wires must �re per plane� as mentioned in the slow proton section�

The FASTRO �FAST Read Out� trigger is used in LEVEL � to pick out events

not taken by the OLGA triggers or the LL or RR triggers� i�e� those events where

the slow and fast particles go in di�erent directions and there are no signals from

OLGA� but there is a reasonable multiplicity in the A chambers� The FASTRO

requirement is that there are two or more hits outside of the beam region in the

Y plane of the A� MWPC� This then picks up channels such as p������p and

p����������p where there is nothing that will produce 	�s� If this trigger was not

present� then these events would be rejected as elastic� The reason why FASTRO

is fast is that the wires of the A� chamber are read out in groups of 
 wires at a

time� which is faster �� �	�s per chamber� than the normal rate reading each wire
separately �� �		�s��
It is at the LEVEL � stage� after an event has been classi�ed according to one

of the above criteria� that the chamber information� and the information from the

microstrips is read out and stored�

The beam �ux from the CERN SPS used in the run was �x�	� protons per

second� over a total burst time of ��� seconds� The cycle time was approximately ��

seconds� There were roughly �		 events taken per burst� and the total number of

triggers taken during �� days of data taking in the Autumn of ���� was 
� million�
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Chapter �

A non�qq candidate � the

E�f������� meson

��� Introduction

The experimental search for gluonia has been carried out in the type of reactions

that were discussed in chapter �� In particular� several experimental programs have

studied pp reactions and radiative J�� decays� and the WA�� experiment has carried

out research based on selection of centrally produced channels� A great deal of e�ort

in meson spectroscopy has focussed on the K�
SK

��� channel� which is accessible to

all these types of experiment� The attention came because of the observation in the

mass spectra of the various experiments of a resonance at a mass of around ��� GeV�

named the E meson� Since this resonance was appearing in experiments where there

is believed to be a large possibility of forming gluonia� then it seems natural that it

should be thoroughly studied in order to determine its nature�

The E meson was �rst observed by Baillon et al !��" in ���� in the annihilation

reaction pp � K�
LK

������� at �		 MeV
c incident antiproton beam� Their as�

signment for the quantum numbers of the E were IG�JPC� � 	��	���� They also

determined the mass of the E meson to be ���� � � MeV with a width of 
	 �
�	 MeV� It was thought then to decay equally via ao��
	�� and K

�
K intermediate

states��

�All references to the K� particle in this thesis refer to the K�������

�




Since this original analysis� several experiments have observed resonances in the

���� GeV region� This section presents a review of the current experimental data

in the ���� GeV mass region� and also discusses the interpretations that have been

made in an e�ort to explain the nature of the resonance which has become known

as the E
f�����	��

��� A history of the E�f������� � the E�� puzzle

After the initial observation described above� the next observation of the E was

made by Dionisi et al in ��
	� !�
" in the reaction ��p� K�
SK

���n at ���� GeV
c�

The K�
SK

��� mass spectrum they observed in the E mass region is shown in �gure

����

Figure ���� The K�
SK

��� mass distribution for the reaction ��p� K�
SK

���n observed

by Dionisi et al�

By �tting to the Dalitz plot in the E meson mass window de�ned by ����� 	
M�K�

SK
��� � 	 ����� they obtained the results

M � ���� � � MeV

$ � �	 � �� MeV
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and IG�JPC� � 	������� The E was found to decay predominantly via K�K

�
���� the rest via a���
	��

In addition to these observations� a resonance in the ��� GeV
c� mass region

was observed by the MARK II collaboration !��" in radiative J�# decay� namely the

J�# � 	KK� reaction� They found a state of mass ���	������ MeV
c
� and width

�	������ MeV
c
�� A spin analysis of the Dalitz plot for K�

SK
��� events concluded that

the state was JPC � 	��� decaying predominently via a���
	��� with a possible

small amount of K�K decay�

The Crystal Ball collaboration !�	" later con�rmed this resonance by consider�

ing the J�# � 	K�K��� reaction� Their partial wave analysis of the K�K���

system produced the result JPC � 	��� with the decay occuring via the a���
	��

intermediate step� Their K�K��� mass spectrum is shown in �gure ����

Figure ���� The K�K��� mass distribution for radiative decay J��� �K�K���� The

shaded region has the requirement M
KK

� 		�
 MeV� �Crystal Ball data��

The resonance parameters they deduced were

M � ���	������ MeV

$ � �������� MeV�

They referred to this resonance as the �����	��

�	



In ��
�� theWA�� collaboration studied the central production reaction ����p�p�
����p��K�K����p at 
� GeV
c !��"� In this channel� which is widely believed to

be a gluon�rich one� they observed a prominent peak at around ��� GeV� as shown

in �gure ����

Figure ���� The mass distribution for the centrally produced K�
LK

��� system at �


GeV�c �WA�� data��

Their spin analysis of the Dalitz plot produced from K�
LK

��� events concluded

that the E was a JPC � ��� object� having a mass and width of �

M � ���� � � MeV

$ � �� � � MeV�

In addition� their analysis found that the E
f�����	� was being produced via the

K�K intermediate step� there being no evidence for the ao��
	�� decay mode� This

absence of a ao��
	�� mode was in agreement with the lack of observation of the

E meson in the centrally produced 
�� channel in the same experiment !��"� An

object at the E mass was also found by the KEK experiment !��" in the reaction

��p� 
����n� The spin of this object was concluded to be 	�� having a mass of

���	 � � MeV and width $ � �� � � MeV� decaying via ao��
	���
Experimental results from BNL !��" caused further confusion in the assignment

of the E
f�����	� quantum numbers� where the reaction ��p � K�KS�
�n was

studied at 
�	 GeV� The K�K��� mass spectrum observed in this reaction is shown
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in �gure ���� The �t to the mass spectrum gave the mass of the E
f�����	� as ����

Figure ���� The K�K�
S�

� mass distribution for the ��p � K�K�
S�

�n BNL data at �

GeV�c�

� � MeV and a width of �	 � �	 MeV� The Dalitz plot analysis carried out on this
data concluded that the E
f�����	� was predominently a 	�� state �at least �	 ���

with an a���
	� decay mode�

These apparently con�icting results from di�erent experiments in the ��� GeV

mass region became known as the E�� puzzle�

Further studies of the K�
SK

��� mass spectrum were carried out in an e�ort

to clarify the situation� Further experimental results from central production were

obtained from the reaction pp � p�K�K����p� again from studies by the WA��

collaboration� except at a higher incident beam momentumof �		 GeV
c !��"� Their

analysis con�rmed the earlier results of the 
� GeV
c data� in that the E was found

to be best represented by a JPC � ��� object� having a mass and width of �

M � ���� � � MeV

$ � �
 � 
 MeV�

Again� no 	�� wave was required to explain their data� Also� they found no evidence

for the �����	� decay �����	� � a���
	��� The K�
SK

��� plot for the �		 GeV
c

data is shown in �gure ����
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Figure ���� The mass distribution for the centrally produced K�
SK

��� system at ���

GeV�c �WA�� data��

An analysis of the reaction ��p � K�K�
S�

�n at 
 GeV
c carried out at BNL�

using a greater data sample than the previous publication of Chung et al was per�

formed !��"� The mass of the resonance at ���� GeV was determined to be ���� �
� MeV with a width of �� � � MeV� They found the ���� GeV mass region to have
a complicated structure� There were found to be three waves contributing to the

observed peak in the K�K�
S�

� mass spectrum� predominently ��	�� the 	�� wave�

with contributions from ��� and ��� waves�

An object compatible with being the E meson was observed by the TPC
�	

Collaboration !�	"� in the reaction e�e� � e�e�R� where the resonance R is formed

by the exchange of two virtual photons� The K�
SK

��� invariant mass spectrum is

shown in �gure ��� where the signal has a mass of ��������� MeV
c
��

Tagged events �where one of the photons has a high Q�� have an E
f�����	� signal

at the E
f�����	� mass� whereas un�tagged events do not� This leads to the conclu�

sion that the resonance is a spin � object� based on the result from Yang�s theorem

!
" that a spin one particle cannot be created from two real 	s� but can be produced

if one of the 	�s has a high Q� and is o� mass shell� Spin analysis indicated that

��



Figure ���� The K�
SK

��� mass distribution for a� un�tagged and b� tagged data for the

e�e� � e�e�R reaction�

this state was consistent with being a ��� state� This observation also produced a

value for the $��� � ���� 	�� � 	�� keV�
This spin one result has been subsequently con�rmed by the JADE collaboration

!��" in the reaction e�e� � e�e�K�
SK

��� � where a signal at the E
f�����	� mass

was observed only in tagged data� The K�
SK

��� plot they obtain for tagged data is

shown in �gure ���� They conclude that the E
f�����	� is a spin one object� They

also obtained a 		 width of $��� � ���
�������

���
���
 keV�

The CELLO collaboration have also carried out analysis of single tagged events

from the 		 � K�
SK

��� reaction� They observe a peak having a mass of ���� �
�	 MeV and a width of �� � �� MeV� Their conclusion is that this object is a spin
one object� having not been observed in un�tagged events� Their value of 		 width

was determined to be $��� � ��	� 	�� � 	�� keV�

��� A Solution to the E�� puzzle

In ���	 the MARK III collaboration !��" investigated the J�# � 	K�
SK

��� reac�

tion� The observed K�
SK

��� spectrum is shown in �gure ��
�

A partial�wave analysis of the K�
SK

��� system in the mass range ��������

GeV
c� found that the data was best represented by three distinct sub�states �

��



Figure ���� The K�
SK

��� mass distribution for the e�e� � e�e�K�
SK

��� reaction

�tagged data��

Figure ��
� The K�
SK

��� mass spectrum for the reaction J��� �K�
SK

����

��



Amplitude Decay mode Mass �MeV
c�� Width �MeV
c��

��� K�K ������������ �
��
�
��
�


	�� a���
	�� �����
���
�� ��������������

	�� K�K ���	������
��� �������������


Table ���� masses and widths for the MARK III collaboration partial�wave analysis of

the K�
SK

��� system�

� 
����	� with JPC � 	�� decaying via a���
	���

� 
����	� with JPC � 	�� decaying via K�K�

� f�����	� with JPC � ��� decaying via K�K�

The �tted partial waves are shown in �gure ��� for ���S K�K� 	��P K�K and

	��S a���
	�� waves� and the masses and widths obtained from the three �ts are

listed in table ���� The mass of the ��� state is higher than the mass obtained from

other experiments for the E
f�����	� � but is reasonably consistent�

Figure ���� The �tted partial waves in the K�
SK

��� system for the reaction J�� �

�K�
SK

��� for a� 	��S K�K wave b� ���P K�K wave and c� ���S a������� wave� Plot

d� shows the summed ��� waves
 and f� is a histogram of the data�

��



In central production� the 	�� wave is suppressed relative to the ��� wave� This

can be demonstrated by considering the 
�� channel for central production� where

there is a greater contribution from ��� wave �in the form of the f����
�� � than

there is for the 	�� 
� !��"� This is the opposite of what is observed in the case

of the J�# � 	
�� reaction where there is much more 
� than f����
�� �see� for

example !��"��

So� it now appears that the E�� problem stemed from the fact that di�erent

experiments picked out di�erent resonances� but all in the same mass region� which

was the cause of the initial confusion of quantum number assignment�

��� Current results

In ���� the WA�� experiment performed a re�analysis of their combined 
� and �		

GeV data !��"� The K�
SK

��� mass distribution for the total data set is shown in

�gure ���	�

Figure ���	� The total K�
SK

��� mass spectrum data for the summed data from the

WA�� central production experiment�

Their analysis of the Dalitz plot tested di�erent wave hypotheses and found the

K�K ��� wave again dominated the mass region of the E�f�����	�� This was in

support of all the previous central production results�

To summarise the current state of knowledge in the ��		 to ��		 MeV range�

��



State Reaction Mass �MeV� Width �MeV� Decay via


����	� Hadron production ���	 � �	 �	 � �	 a���
	��

J�#� 	KK� ���� � �	 ����
��� a���
	��

J�#� 	
�� ��		 � � �� � �� a���
	��

E
f�����	� Central production ���	 � � �
 � �	 K�K

J�#� 	KK� ���� � � �
������ K�K


����	� J�#� 	KK� ���	�����
 ����
��
 K�K

Table ���� Resonances in the 	��� to 	
�� MeV range as determined from their KK�

and ��� decays
 for the di�erent reactions discussed in the text�

table ��� contains the average values for the masses and widths of such states�

and also the di�erent experimental production methods� The values for hadron

production come from the PDG� and the central production values come from the

WA�� experiment !��"�!��"� The radiative J�# decay values come from the MARK

III experiment !��"� !�
"�

��� Nonet assignment for the E�f�������

The E
f�����	� has been observed in central production experiments� in pp anni�

hilation� in two photon formation experiments and in J�# decays� It is generally

agreed that the E
f�����	� decays almost exclusively to K�K and has the quantum

number assignment JPC � ���� The qq model predicts that there should be a

nonet containing two �P� states with a mass below � ��		 MeV� However� there are
several problems encountered if one attempts to assign the E
f�����	� state to the

��� nonet� namely �

� Two states exist already that are good candidates for being the ��� members
of the �P� nonet� the f�����	� and the f����
��� The f�����	� in particular is

a better candidate than the E
f�����	� for the predominantly ss state in the

nonet� having been observed in the reaction K�p ��K�
SK

��� �% !��" where

it would be expected that ss states would be formed�

� The absence of any decay mode other than KK�� Speci�cally� there has

been no observation of the decay E
f�����	� � 	� !��"� Since the � is an

�




almost pure ss state� then 	� decay would seem to be a good channel in

which to �nd the E
f�����	� � Its non�observation again casts doubt upon

the E
f�����	� being the mostly ss member of the ��� nonet�

� The two photon partial width for the E
f�����	� has been determined to be
�$��� � ��� � 	�� � 	�� keV� larger than that predicted for the �P� mainly ss

state �$��� � 	�� keV !��"��

Since the evidence suggests that the E
f�����	� is not a member of the ��� nonet�

then the natural conclusion is that it must have an exotic nature�

��� The nature of the E�f�������

Assigning the E
f�����	� as a glueball candidate runs into problems� since the two

photon width is larger than would be expected for a purely gluonic object �since

gluons don�t easily couple to photons�� The interpretation from this is that the

E
f�����	� has considerable u and d quark content� Also� the ��� state is not one

of the allowed JPC values for a glueball� as determined from bag model calculations�

There are two other non�qq interpretations for the E
f�����	� that can been put

forward� it could be a four quark state or a hybrid� Recent predictions for the latter

of these two options indicate that the lowest mass hybrid state has a mass at around

��		 MeV� and this appears to make a hybrid assignation di�cult�

Possible interpretations of the E
f�����	� as a molecule have been made� and

several models to represent this K�K molecule put forth� For recent discussions

on K�K status see for example !��"� !��" Longacre !�
" envisages a � in a P�wave

in orbit about an S�wave KK system� It is suggested that this state is bound by

colour singlet particle exchange� An alternative picture is presented by Weinstein

and Isgur !��" who present the idea that the E
f�����	� is a K�K molecule bound

by colour forces�

��
 Conclusions

The mass region between ��		���		 MeV
c� is starting to be understood� after

several years of apparently con�icting experimental results� There now appears to

��



be at least two� and most likely three� states having masses around ���� GeV� the

E
f�����	� the 
����	� and 
����	�

For the E
f�����	� � it is generally agreed that it decays predominently via K�K

and that it has quantum numbers JPC � ���� It does not easily �t into the �P�

nonet� the one that would be considered the most likely� and experiments seem to

indicate that it has a predominently light quark nature� not the mainly ss nature

that would be needed for the �P� nonet�

Clearly� the E
f�����	� is a resonance of considerable interest� since it would

appear to be of a non�qq nature� Further studies in order to better establish its

properties would help to shed light on this matter�

�	



Chapter �

Development of V � recovery code

for WA��

��� Introduction

When the WA�� event reconstruction program� TRIDENT� is implemented� the

primary vertex is reconstructed by using the beam in conjunction with the slow

proton track� The x coordinate is produced by intersecting the reconstructed beam

track with the reconstructed slow proton� The beam track is then re�traced to this

x position giving the y and z coordinates of the primary vertex� Tracks from the

A and B chambers are also used to determine the vertex position� Subsequently�

the fast track and any other tracks that appear to originate from vertices near the

primary vertex are traced to it� However� this tagging of tracks has the e�ect that

tracks coming from the decay of a V � near the primary vertex may be incorrectly

assigned as coming from the primary vertex� and the V � will be lost� This e�ect is

illustrated in �gure ���� which shows the separation between the primary vertex and

the V � vertex for V ��s found by TRIDENT� It can be seen that there are very few

V � vertices at a distance of less than �	 cm from the primary vertex� the majority

being found at distances greater than �	 cm� In order to rescue those V ��s that are

lost in the region near the primary vertex� a V � recovery program was developed to

be applied to events subsequent to the running of TRIDENT� This chapter describes

how the V � recovery program works� the cuts used in its implementation� and how

it was used in order to obtain K��s for use in speci�c channels�

��
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Figure ���� Separation of the V � vertex from the primary vertex for TRIDENT events�

��� Initial Selection of Good V 	
s

The V � program considers all combinations of positive and negative tracks that have

not been previously assigned as coming from a V � by TRIDENT� and loops over

pairs assuming they constitute a V �� In order to select a good V � candidate� certain

criteria must be satis�ed by the pair of tracks being considered� The �rst� obvious�

criterion is that the two tracks comprising the V � must meet� that is to say they

must have� at some coordinates� a distance of separation small enough for it to be

likely that they originate from the same point� This distance of closest approach is

referred to as FARMAX in the V � program �as shown in �g ����� For good V ��s the

original requirement for pairs of tracks was�

FARMAX � 	�� cm�

For a good V � candidate this point of closest approach must be downstream

of the primary vertex� Any vertices produced by the V � program upstream of the

primary vertex are rejected� Further� in order to reduce a lot of spurious vertices� a

minimum separation is required between the primary and secondary vertex� DIFFX

�see �g ����� This cut is needed� due to the uncertainty in vertex position� The
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Figure ���� Cuts used in the selection of V ��s�

value chosen initially was

DIFFX � � cm�

Another important means of selection of V ��s is to use the impact parameter

at the primary vertex� TIMPACT ��g ����� The impact parameter is worked out

for each of the tracks being considered� and if both of the tracks have an impact

parameter too small� then the pair are rejected� The impact parameter cut initially

applied was

TIMPACT � 	�	� cm�

Other checks were also used to eliminate a lot of background events� No vertices

are allowed upstream of the target i�e� we require

XV ERTEX � ��
	 cm�

A low mass cut is made on the mass of V � candidates by insisting that

MV � � 	��� GeV�c��

��



This cut is required in order to eliminate 	 conversions in the detectors� These form

�good� V ��s but have low mass� In addition� vertices with V � momentum greater

than �		 GeV
c are not considered� in order to eliminate high momentum tracks

from the production of a  ��� Also� no vertices are allowed downstream of the �rst

measured points of the pair of tracks being considered�

vertex produced by
distance minimisation
of helix fitted tracks

x plane of 
vertex

track re-traced to 
x plane of vertex 
using NYSTRK

z

xy

Figure ���� Illustration of how the V � program re�parameterises helix tracks�

��� Determination of accurate vertex position

The code basically has two stages� or iterations� In the �rst iteration� the direc�

tion cosines at the �rst measured points of all tracks being considered are used to

parameterize helices� approximating the �eld in the Omega magnet to be constant�

The code then uses a tracking routine which� given direction cosines and charge of

a track� traces this track to any desired end plane in steps� using local �eld values

at each point� Using this routine� the impact parameters at the x plane of the pri�

mary vertex can be established for pairs of tracks� and it is at this point that the

TIMPACT cut is implemented�

��



For pairs of tracks that have satis�ed the TIMPACT cut� the program �nds the

point at which the distance between the two parameterized helices is at a minimum�

The coordinates of this point are stored �see �g������ Now� this position for the inter�

section point is inaccurate� since the approximation of constant �eld in the Omega

magnet when parameterising the helices is inadequate� Because of the inaccuracy�

vertex positions of up to � cm upstream of the primary vertex are accepted at this

stage�

The inaccuracy of the helix minimisation necessitates the use of a second iter�

ation� Both tracks of the V � candidate are now traced from their �rst points to �

cm downstream of the x position of the helix minimisation previously established

�as illustrated in �g����� in steps of � cm� using the routine to take into account

the changing �eld in Omega� Hence� this gives more accurate values for the track

parameters in the region of the crude vertex position� Using the direction cosines of

both of the tracks at this plane� the two tracks are re�parameterised as helices� and a

second iteration ensues� giving a new and more accurate position for the secondary

vertex� This vertex is then subject to all the cuts mentioned in section ���� If a

vertex satis�es all of these criteria� and it is not made up of tracks where TRIDENT

has found a V �� then the vertex is considered to be a good V � candidate�

��� Optimisation of Signal to Background

Figure ��� shows the mass plot obtained for V � candidates satisfying the cuts of

section ���� assuming both of the tracks making up the V � to be pions� A peak

in the K� region ������ MeV
c�� can clearly be seen� demonstrating that the V �

program is picking out extra V ��s that were missed by TRIDENT� However� there

is still a signi�cant number of background events since the cuts described in section

��� were designed to eliminate a lot of background� and yet still be loose enough

not to lose too many good events� Because of the low signal to background ratio

�approx � � ��� a study was conducted into how to improve the existing cuts� and

also to introduce new ones to optimise the signal to background ratio�

The method employed to optimise a particular cut was as follows� The cut was

varied in steps� and mass plots were obtained for both events that passed the cuts

��



M(PIPI) VERTEX 2

0

200

400

600

800

1000

1200

1400

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

GeV

E
V

E
N

T
S

/ 1
0M

eV

Figure ���� Mass plot for V � candidates from the V � program using the cuts described

in section ����
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DIFFX �cm� � � � � � 


total ���� ���� �
	� ���� ���� ����

Background ��� �
	 ��	 ��� ��� ��	

No� of K��s ���� ���� ���� ���
 �	�� �	��

Signal
 Bgnd ��� ��� ��� ��� ��� ��


Table ���� Ratio of signal to background for the �� mass spectrum for steadily increasing

values of DIFFX�

and for those that failed� In this way� the events that a particular cut was rejecting

could be examined� to establish whether good events were being discarded� At each

stage� the signal to background ratio was calculated in the mass range

	���� � Mass ������ � 	��� GeV
c��

An example of how the signal to background ratio changed with di�erent values

of DIFFX is shown in table ��� where the signal to background ratio has been

tabulated for increasing separation between primary and secondary vertices� In this

way� the best value for DIFFX where the signal to background was good� and there

was not too great a loss of events was established as being

DIFFX � � cm�

As well as tightening up existing cuts� further cuts were implemented at this stage�

An ANGLE cut was introduced� The angle between the momentum vector of the V �

and the line of �ight of the V � should be very small i�e� the V � should point back to

the primary vertex� The distribution of this angle is shown in �gure ��� �for no other

cuts implemented�� Table ��� gives representative �gures for the di�erent signal to

background ratios obtained on varying the ANGLE cut� The optimum value for

ANGLE was determined to be � degrees� Any vertices with an angle greater than

this were rejected� In a similar manner� the optimum value for FARMAX was found

to be

FARMAX � 	���� cm�

A tighter cut was also put on the maximum momentum of the V �� No vertices

were accepted where the V � momentum was greater than �� GeV
c� The impact
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ANGLE �deg� � � � �

total ���
 ���� �
�� ����

Background ��� �
	 ��� ��	

No� of K��s ���� ���� ��		 
��

Signal
 Bgnd ��� ��� ��� ��	

Table ���� Ratio of signal to background for the �� mass spectrum for steadily increasing

values of ANGLE�
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Figure ���� Angle between the V � and line of �ight for V � candidates�
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parameter was left at its previous value� The ���� mass spectrum with all of these

cuts implemented is shown in �gure ���� There is clearly some improvement� and the

ratio of signal to background is now around � � �� One �nal cut was implemented
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Figure ���� The ����mass spectrum for V � program events with tight cuts implemented�

at this point� An Armenteros�Podolanski plot !�	" was made for V � candidates�

where the qT of the decay products of a V � �relative to the V �� is plotted against

the Armenteros alpha� �� de�ned by

� �
qL� � qL�
qL� � qL�

where qL is the longitudinal momentum of the positive or negative decay particle�

For a V � decaying into two equal mass particles� the plot will describe an ellipse

centered on � � 	� This can be seen in �gure ���� In order to cut out a lot of

spurious vertices� a low qT cut was used� A lot of tracks at the low qT end of the

Armenteros plot may be due to electron conversions in the wire chambers and vertex

detector� In order to eliminate these and low qT background� a cut of

qT � 	�	� GeV�c
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Figure ���� Armenteros�Podolanski plot for V ��s from the V � program�

was required for good vertices� Also� vertices lying outside the kinematic region of

the K� by having too high qT were eliminated by requiring that

qT � 	��� GeV�c

for good V ��s� The ����mass spectrum obtained after insisting all the cuts pre�

viously described were passed is shown in �gure ��
� The signal to background

has been signi�cantly improved from that of the original loose cuts� the signal to

background ratio now being approx� ������ In the K� mass region de�ned by

	���� � Mass ������ � 	��� GeV
c��

there are ��
� events�

��� Comparison with TRIDENT V 	
s

Figure ��� shows the ���� mass spectrum for V ��s found by the TRIDENT program�

The background is very much reduced in comparison to the data from the V � rescue

program� In the K� mass region de�ned by

�	
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Figure ��
� The ����mass spectrum after implementing all V � cuts�

M(PIPI) VERTEX 2

0

200

400

600

800

1000

1200

1400

1600

1800

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

GeV

E
V

E
N

T
S

/ 1
0M

eV

Figure ���� Mass plot for V � candidates from TRIDENT�
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	���� � Mass ������ � 	��� GeV
c��

there are ���	 entries�

It is interesting at this stage to compare the distribution of DIFFX� the sepa�

ration between primary and secondary vertices� for V ��s from the V � program and

those from TRIDENT� Figure ���	 shows the distributions for the two di�erent

sources of V ��s� The TRIDENT V ��s are shown hatched� It is apparent that the V �

program is performing the task it was designed to do� since the vast majority of the

vertices it �nds are close to the primary vertex� in the �rst �	 cm downstream of it�

There are very few TRIDENT vertices in the �rst �	 cm from the primary vertex�

since vertices found by TRIDENT in this region would be likely to be tagged to the

primary vertex� The x position of vertices found by the V � program and those found
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Figure ���	� DIFFX distributions for TRIDENT V ��s �hatched� and V ��s from the V �

program�
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by TRIDENT �hatched� are shown in �gure ����� The majority of vertices from the

V � program are found within the target region ���
	 to ���	 cm�� whereas the great

majority of TRIDENT V ��s are outside it� A �t has been performed on the K� peak
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Figure ����� Distribution of vertex position for TRIDENT V ��s �hatched� and V ��s from

the V � program�

for the TRIDENT data� It was found that a single Gaussian distribution could not

describe the data well� but that two Gaussians were the minimum required to �t

the data �with mass �xed at the K� mass� with the two having widths of

�� � � MeV

�� � �� MeV�

The �t is shown in �gure �����

A �t has also been performed for theK� peak for events from the V � program� A

two Gaussian �t to the data gives the plot shown in �gure ����� The two Gaussians

have the following widths�

�� � � MeV

�� � �� MeV�
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Figure ����� A two Gaussian �t to the TRIDENT ����mass spectrum�
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Figure ����� A two Gaussian �t to the V � program ����mass spectrum�
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Cut Value

Mass 	���� � Mass������ � 	��� GeV
c�

Momentum pV � � �� GeV
c

Separation from

primary vertex DIFFX � � cm

Impact Parameter TIMPACT � 	�	� cm

Angle ANGLE � �o

Vertex position XVERTEX � ��
	 cm

Separation of V � tracks FARMAX � 	���� cm

Armenteros qT 	�	� � qT � 	��� GeV
c

Table ���� Summary of the cuts used in obtaining V ��s for the V � recovery code�

Since there is more than one contribution to the resolution of tracks� then the

observed distribution derives from the overlap of several Gaussians� Two Gaussians

are the minimum required to describe the ����mass spectrum reasonably�

��� Conclusions

The V � program has been demonstrated to work� since it produces V ��s that were

mis�assigned by TRIDENT� The background has been studied and V � cuts inves�

tigated in order to obtain an optimised signal to background ratio� The cuts used�

and the �nal values of cuts are summarised in table ����

The V � program is found to reconstruct most V ��s in the �rst �	 cm downstream

of the primary vertex�

The e�ciency of the V � recovery code for �nding vertices was determined by gen�

erating vertices smeared to take into account the experimental resolution of WA���

and was found to be ���� �� The second iteration was demonstrated by this method

to be an improvement on the naive approach using parameterised helices �for further

details of this see Chapter ���

When the events from the V � recovery code are are combined with the K��s from

TRIDENT� they yield the plot of �gure �����

The total K� peak has been �tted with two Gaussians� and the plot obtained is

��
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shown in �gure ����
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Figure ����� A two Gaussian �t to the total ����mass spectrum�

This total �� mass spectrum represents the total number of K� events available

for analysis of K� channels from the data taken in the experimental run in Autumn

����� The total number of events in the K� mass region is �����

In conclusion� the V � program has been implemented successfully and produces

��
� K� events� this representing �
 � of K� events available for analysis�

��



Chapter 	

The K�
SK

���channel in WA��

��� Introduction

The K�
SK

��� mass spectrum is of considerable interest in meson spectroscopy�

having been studied for many years� Several states of possible non�qq nature have

been observed� There exists however a lot of uncertainty as to the number of states

actually present� and the quantum number assignment for the observed states has

often been ambiguous� The mass region around ��� GeV in particular has caused a

lot of controversy over the issue of quantum numbers of states in the region� leading

to the E
� puzzle as described in chapter �� It now appears that there are in fact

three resonances in this region� the f�����	� � the 
����	� and the 
����	�� The

assignment of these mesons within the quark model is controversial� there being other

candidates which seem better suited to the conventional qq assignment� The WA��

experiment has observed the f�����	� in the centrally produced K�
SK

��� channel

at 
� and �		 GeV
c !��"�!��"� and spin analysis of both sets of the data yielded the

result IG�JPC� � 	������� Re�analysis of the data using the combined data also

found agreement with this result !��"� This section describes the means by which

the WA�� central K�
SK

��� system at ��	 GeV
c was selected� and how the masses

and widths of the f�����	� and the f����
�� were determined�

��� Selection of the K	
SK

��
channel�

The reaction

�




pp �pf �K�
SK

���� ps

has been selected from WA�� events where there are four outgoing tracks together

with a V � assigned for the event by imposing the following cuts on the missing

momentum of an event�

jmissing pxj � �	�	 GeV
c

jmissing pyj � 	��� GeV
c

jmissing pzj � 	��� GeV
c

A cut was made on the ���� mass for the reconstructed V �� in order to select a

K�� The V � was required to have a mass in the K� mass window de�ned by

	���� � Mass ������ � 	��� GeV
c��

The reaction

pp �pf �K�
SK

���� ps

was then selected from events where there is momentum balance and a K� by using

energy conservation� The  function de�ned by�

 � MM��pfps� � M��K�
SK

����

� �EBeam � ETarget �ESlow � EFast�
�

� �PBeam � PTarget � PSlow � PFast�
�

� �EK� � E� � E��
�

� �PK� � P� � P��
�

was used to select good events by requiring

j j � ��� �GeV
c����

The  function for uncut K�
SK

��� events is shown in �gure ���� This cut was

performed for both of the possible combinations of charged tracks� i�e� assuming a

��K� hypothesis and a ��K� one� since there is an ambiguity as to the identity

of the positive and negative track in K�
SK

��� events� Events where there was only

one combination satisfying the  cut were assigned as being unambiguous� In cases

where both combinations satis�ed the cut� these were labelled as ambiguous�

��
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Figure ���� The � function for K�
SK

��� events from which good events were obtained

using the cut described in the text�

In order to reduce the number of ambiguous events� the Ehrlich mass !��" was

calculated for the V � and one of the charged tracks� assuming the other one to be a

pion� Ehrlich mass is de�ned by

M�
� �

�B� � ��PV �P����

��P �
V � � P �

� �B�

where

B � �ETarget � EBeam �EFast � ESlow � E��
� � �P �

V � � P �
���

�See appendix A for details� The Ehrlich mass squared was calculated for both

charged particle hypotheses for all events� and the plot obtained is shown in �gure

���� Events where the particle identi�cation has been made correctly will produce

a peak at the kaon mass squared i�e� 	���� �GeV
c���� Events previously �agged as

ambiguous were now re�examined on the basis of the Ehrlich mass� Events where

both hypotheses had Ehrlich mass squared of greater than the K� mass squared

retained their ambiguous assignment� These were used in the subsequent analysis

where both of the combinations were considered� For events where one or both

combinations had Ehrlich mass less than the K� mass� the combination having the

�	



value of Ehrlich mass squared closest to the K� mass squared was considered to

be the best combination and the �ag of the event was re�assigned as unambiguous�

Further� any events where both combinations of the Ehrlich mass squared fell below

	�� �GeV
c��� were rejected� on the assumption that the event was a �� event� in

which two ��s had been incorrectly identi�ed as coming from a K� decay�

The Feynman x distribution for the K�
SK

��� system is shown in �g ��� showing

a central K�
SK

��� system well separated from the fast and slow particles�
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Figure ���� The Ehrlich mass squared for K�
SK

��� events�

Figure ��� shows the correlation between px for the kaon and the pion for the

unambiguous assignments a� and for ambiguous assignments b�� As can be seen

in a�� those events where the particles are correctly assigned have well separated

momentum distributions� whereas if an ambiguity exists� then the values overlap

greatly� particles have similar momenta� making the two possible assignments more

di�cult to distinguish�
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Figure ���� The px distribution for the kaon against pion for a� unambiguous events and

b� for ambiguous events in the K�
SK

��� spectrum�
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��� The K	
SK

��
 mass spectrum�

Using the criteria described above� a total of ���� unambiguous events and �	
�

ambiguous K�
SK

��� events were found� The ambiguous events were plotted twice�

The K�
SK

��� mass spectrum is shown in �gure ��� in the mass range

��� � Mass�K�
SK

��� � � ��� GeV
c�

where ��� a� shows the spectrum for events where the K� was found using the V �

recovery program� whilst ��� b� is for events where the K� was found by TRIDENT�

Prominent f����
�� and f�����	� signals can be seen in both plots�
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Figure ���� The K�
SK

��� mass spectrum for a� events where the K� has been found by

the V � recovery code
 and b� where the K� has been found by TRIDENT�

A �t to the combinedK�
SK

��� mass spectrum in the mass region ����Mass�K�
SK

��� �

� ��� GeV
c� ��	�� entries� has been performed using a relativistic Breit�Wigner

convoluted with a Gaussian to describe each of the two resonances� The �t is shown

in �gure ��� The equation used to produce the background �t was of the form

Bckgnd�m� � a�m�mth�
bexp��cm� dm��

��
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Figure ���� The combined K�
SK

��� mass spectrum with �t as described in the text�
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where mth is the threshold mass for the K�
SK

��� system� The Breit�Wigner Gaus�

sian convolution formula used to describe the two resonances was of the form

bwcon�m� �
Z m�

high

m�
low

Gauss�m� �m�BW �m��mmeson�dm
�

where bwcon�m� is the calculated contribution for each value m� summing over m��

the full mass range of the meson�Gauss�m��m� is a Gaussian centred atm��m from
the peak of the meson� and BW is the value of the relativistic Breit�Wigner at m��

The widths of the Gaussians for each of the two convoluted functions was established

by the use of a Monte�Carlo simulation of the decay of an X� system to K�
SK

��� �

The ���� mass spectrum generated was calibrated to the ���� spectrum from data�

and the smearing required on the two � tracks was applied to the other two tracks

of the event� in order to obtain K�
SK

��� smeared events� The Gaussian widths

in the f����
�� and f�����	� mass windows were then established by plotting the

di�erence between generated events and the same events after smearing� giving the

resolution� The widths used in the �t were�

f����
�� � � � �	 MeV
c�

f�����	� � � � �� MeV
c�

The parameters obtained from the �t for the two resonances were

Mf���
�	 � ��
� � � MeV�c�

$f���
�	 � �� � � MeV�c�

Mf�����	 � ���� � � MeV�c�

$f�����	 � �� � � MeV�c�

which are in good agreement with the Particle Data Group values for the two mesons

!��"�

Mf���
�	 � ��
� � � MeV�c�

$f���
�	 � �� � � MeV�c�

Mf�����	 � �����
 � ��� MeV�c�

$f�����	 � �� � � MeV�c��

The f�����	� PDG values are mean values derived from pp annihilation� and J
#

decay as well as central production�

��



��� Geometrical Acceptance for theK	
SK

��
 channel

To study the acceptance� K�
SK

��� events were produced from real �� events by

mixing these events so that there were four outgoing tracks� It was then required

that one pair of ��s in each event had an e�ective mass compatible with being a K�

i�e� that

	��� � Mass ������ � 	��� GeV
c��

Pairs of tracks satisfying this criterion were combined to form a K� which was then

allowed to decay exponentially� The other two charged tracks in the event were then

re�assigned as being a � and a K� and in this way K�
SK

��� events were produced�

KKPI ACCEPTED XF CUT

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1

Entries    97258

Mass (GeV/c2)

A
cc

ep
te

d
 e

ve
n

ts
 / 

(2
0M

eV
/c

2 )

Figure ���� Acceptance as a function of e�ective mass for K�
SK

��� events�

Each of these events was rotated around the x�axis ���� and assigned di�erent

vertex positions in the target� producing ten di�erent values of � and vertex position

for each event� Each track of the event was then tested to see if it would be accepted

by the WA�� detector system� The fractional acceptance for K�
SK

��� events as a

function of e�ective mass was calculated in this way� and found to decrease smoothly

with e�ective mass as shown in �gure ����

��



Chapter 


Spin Parity Analysis of the

K�
SK

���channel in WA��

��� Introduction

When a particle decays� the distribution in space of the decay products depend

upon the spin of the original particle� In the simplest case� that of a spin zero

object� it will decay isotropically in its centre of mass� For non�zero spin� an angular

dependence enters into the decay� Because of this� by measuring the distribution of

the decay products of an object� it should be possible to ascertain the spin of the

original object� So� for a clear resonance signal with a uniform background� it should

in principle be possible to reproduce the spin of the resonance unambiguously� This

picture is made somewhat more complicated when trying to separate events out

from background� however� Di�culties arise when trying to separate the resonance

from a background which may not be isotropic� or may even have originated from a

resonance broader than the one under investigation� The production method may

also have a�ected the distribution of decay products� The way that this situation

is usually resolved is to perform a partial wave analysis� summing over the possible

quantum spin states of both �nal and initial state particles� in order to produce an

expression for the angular distribution� This method becomes unworkable in the

case of the K�
SK

��� channel of the WA�� experiment� however� since we have a

double exchange process followed by a three body decay�

Because of this� the only practical method available is one in which only the

��



decay of the resonance is considered� and which does not take into account how the

resonance was generated� The method that was considered in the K�
SK

��� channel

spin analysis was the Standard Isobar Model� using Zemach Tensors to describe the

spin of the decaying particle� An outline of this method is described below�

��� Dalitz Plot analysis using Zemach Formalism

����� Degrees of freedom

Consider a particle X that decays into three particles a� b and c in the centre of

mass of X� Now� each of the particles has four degrees of freedom �three components

of momentum and energy�� However� since we know for a speci�c decay the identity

of each of the decay products� and that each must satisfy E� � p� � m�� then

this eliminates three of the degrees of freedom� Because we are in the centre of

mass frame� we also know that total momentum is zero� and that the total energy

of the system is equal to the mass of X� This eliminates a further four degrees of

freedom� leaving �ve degrees to describe the decay� These can be chosen to be the

three Euler angles de�ning the decay plane of the K�
SK

��� event �all are in the

same plane since the total momentum is zero�� and two other variables related to

the energy
momentum of the K�
SK

��� system� For these two other variables we

choose the mass squared of pairs of particles� for reasons described subsequently�

We integrate over the decay plane orientation �i�e� the decay plane is not con�

sidered in the analysis� since this means that we do not have to take into account

how the resonance was produced� This now leaves only two degrees of freedom� the

e�ective mass squared of pairs of particles� A plot of the e�ective mass squared of

one pair of particles against the other for a three body decay constitutes a Dalitz

Plot� This plot will now contain all the information we can know for a particular

event� and for the spin of X� The drawback in using this method is that in an e�ort

to simplify the analysis situation we have now lost information about the production

mechanism for X�

�




����� The Standard Isobar Model

The Standard Isobar Model is one which describes a three�body decay to pseu�

doscalars a� b and c by parameterizing it in terms of sequential two�body decays�

Consider the sequence as depicted in �gure ��� where a state X decays to particle c

and an intermediate resonance Y� which subsequently decays� The Zemach tensor

method uses observed quantities of the �nal state particles to describe the decay� in

terms of traceless� symmetric tensors of order J � where J is the spin of the initial

resonance X�

X

Y

a

b

c

S

L

Figure ���� The Isobar model for representing a three body �nal state via an intermediate

resonance
 Y�

If the intermediate resonance Y has spin S� then we can represent this using the

momentum vectors of a and b� Let p�a be the ��vector describing the particle a�

and p�b be the ��vector that describes b in the rest frame of Y� The matrix elements

describing the tensor Y for various spin values can now be constructed from these�

For S � 	� then the tensor is chosen to be a constant� in this case �� For S � ��

then a vector is required� The vector t is chosen� where t is the relative momentum

of the two particles associated with the intermediate resonance Y� in the rest frame

of Y� i�e�

t � p�a � p�b

For the Zemachmethod� this vector has to be expressed in terms of the corresponding

��



S Tensor

	 �

� t

� �
�
�titj�tjti���

�
�ij�t�t�

Table ���� Tensors describing the intermediate resonance Y
 of spin S�

momenta in the overall rest frame� that of the initial resonance X�

t � pa � pb � �m
�
a �m�

b

m�
ab

��pa � pb��

For an S � � object� the spin has to be represented by a second order tensor�

constructed from the vector t� which is �
��t

itj�tjti�����
ij�t�t� � where i and j repre�

sent the cartesian components of the vector t� The tensors describing the spin of Y�

for spin values up to � are shown in table ���� The angular momentum L� between

the intermediate state Y and the third particle� c� may be expressed in a similar

manner� except that in this case t is replaced by pc� the momentum vector of c in

the rest frame of X�

Now� the initial state X of spin�parity JP can be constructed by combining L

and S for each possibility� The overall parity of the state is produced by combining

the intrinsic parities of the three decay particles a�b and c with the contributions

due to the spin of intermediate state Y� S� and the angular momentum between Y

and c� L� Since particles a� b and c are pseudoscalars and have negative intrinsic

parity� then the overall parity is given by

P � ����L����S������������� ����L�S���

Examples of the construction of several of the JP states are listed below�

� In the case where L�	 and S�	 � then the resulting state from combining

these two has to be JP � 	�� This can be represented by the scalar quantity

��

� For a state where S�	 and L��� then the state is JP � ��� a vector� This

state is represented by combining the L�� vector� pc with a scalar� making

the overall representation pc�


	



JP L S Tensor

	� 	 	 scalar

	� � � t�pc

�� � � t�pc
�� 	 � t

�� � 	 pc

�� � � �
��t

ipjc�t
jpic��

�
��

ij�t�pc��

Table ���� Tensor constructions describing the state X
 for di�erent JP values�

� For a state where S�	 and L��� then the state is JP � ��� The tensor to

represent this state by is formed by combining the L�� tensor� ���p
ipj�pjpi�

��
��

ij�pc�pc�� with the scalar representing S�	� making the overall representa�

tion �
��p

ipj�pjpi� ����
ij�pc�pc��

For the case where S�� and L��� then there are three possible states that can

be formed� 	�� �� and ���


 	� is a scalar state and as such has to be represented by a combining the

S�� representation �t� with the L�� representation �pc� in such a way

as to produce a scalar� This is done by taking the dot product between

the two vectors i�e� the state is represented by t�pc


 �� is a vector and as such is produced by combining the two vectors t

and pc to form another vector� Hence� the state is represented by t�pc�


 �� is a tensor state and is produced from combining t and pc to form a

tensor of the same form as the S�� tensor in table ���� The state is thus

represented by �
��t

ipjc�t
jpic� �

�
��

ij�t�pc��

Table ��� lists the JP tensor constructions for various values of JP �

��� Matrix elements used inK	
SK

��
 spin analysis

In the Isobar model� the intermediate resonance Y must be represented by a function

to describe it� In this analysis a Breit�Wigner is used to describe the intermediate

state�


�



In the case of the K�
SK

��� channel� there are two possible intermediate states�

the K� or the a���
	� �which was previously named the ��� since the two possible

reactions are �

K� K � K�
SK

���

� a���
	� � K�
SK

��� �

����� Representation of the K� intermediate resonance�

The mass dependence of the K� was represented using a relativistic Breit Wigner

of the form

BW �K�� �

q
m$�q��q

m�
� �m� � im�$�q�

where

$�q� � $��q�q��
�L����q����q

�
� � q��

q� �

q
%�m�

��m
�
��m

�
K�

�m�
�

q �

q
%�m��m�

��m
�
K�

�m�

%�a� b� c� � a� � b� � c� � �ab� �ac� �bc
m� � m�K�� � 	�
��� GeV�c�

m � m�K��

$� � $�K�� � 	�	��� GeV�c��

����� Representation of the a������ intermediate resonance�

This is a more complicated situation than the K�� since the a���
	� has two possible

decay modes� one to 
� and the other toKK� In view of this� it has to be represented

by a coupled channel Breit Wigner� The Flatt&e formalism !��" was used where�

BW �a���
	�� � 	 below KK threshold

BW �a���
	�� �
m�

q
$�
��$�KK�

m�
� �m� � im��$�
�� � $�KK�

above threshold�

where m� � m�a���
	��

and m � m�KK�


�



Now� $�KK� � gKqK and $�
�� � g	q	 where gK and g	 may be regarded as

the coupling constants squared for the coupling of the resonance to KK and 
�

respectively� The quantities qK and q	 are the decay momentum values of the mass

m into a KK or 
� system respectively� By considering a two body decay in the

centre of mass of the a���
	� it can be shown that

q	 �

q
�m� � �m	 �m�����m� � �m	 �m����

�m
�

In the case of the KK system then mK � mK and the expression for qK in this

case becomes

qK �
q
�m��� �m�

K��

The prediction of gK�g	 � ��� has been used !��"�

In order to produce a matrix element to represent the spin�parity of the initial

state X� the Breit�Wigner representation for the particular intermediate resonance�

the a���
	� or the K�� must be combined with the tensor term for that spin�parity�

In instances where the intermediate resonance can be present in more than one

possible charged state� then the total amplitude is constructed by summing over all

the possible amplitudes� together with the appropriate Clebsch�Gordan coe�cient

of Isospin� The K�
SK

��� �nal state from K� K decay can be produced via either

a neutral or a charged K�� and so the Clebsch Gordan coe�cient is given by�

�p
�
�jK��ijK�i � jK��ijK�i� � �p

�
�jK�ijKi�

Also� since the K� can also occur as K
�
then this must be taken into account in the

�nal matrix element which becomes

M �
�p
�
�BW��M� �G�BW��M��

where G is related to the C parity of the of the parent particle by !�"�

C � ����IG

�see Appendix B for further details��

Now� since the a���
	� has JP � 	�� then in table ��� only the waves where S

� 	 can be described by the a���
	�� In the same way� since the K� has JP � ��

then only the S � � waves can be represented by the K��


�



JP L Decay Mode Amplitude

	� S a���
	�� coupled channel�a��

	� P K�K BW�K�
ab�tc�pc �G�BW�K

�
ac�tb�pb

�� P K�K BW�K�
ab�tc�pc �G�BW�K�

ac�tb�pb
�� S K�K BW�K�

ab�tc �G�BW�K
�
ac�tb

�� P a���
	�� coupled channel�a��pa

�� D K�K BW�K�
ab�!pc�tc�pc� �

�
��pc�pc�tc"

�G�BW�K�
ab�!pb�tb�pb� �

�
�
�pb�pb�tb"

Table ���� The matrix elements used in the K�
SK

��� analysis to describe waves of

di�erent spin�parity�

For example� consider the JPL � 	�P state� This must be described by a K�K

decay� Since the overall spin is zero� then the tensors describing the intermediate

state Y and the third particle must be combined is such a way as to produce a scalar�

so the dot product is taken between t and p� Then the �nal matrix element is the

sum of the two possible terms for the K� and K
�
� with the appropriate Clebsch

Gordan coe�cient�

The matrix elements representing the di�erent spin parity waves used in the spin

analysis of the K�
SK

��� channel are shown in table ����

��� The Dalitz Plot

In a Dalitz plot� we have summarised all the information we can know about the

decay of the resonance X to a three body system� In the simplest case of a three

body decay� then three body phase space implies that if we plot the energies of any

two of the �nal state particle �say E� and E�� against each other� then the density

of events per unit area �i�e� per unit of dE�dE�� should be uniform i�e�

d�
 � const�dE�dE��

However� if the integral over the three Euler angles ��� �� �z� de�ning the decay plane

orientation

Z
d�d�d�z jMj�


�



�whereM is the matrix element for the decay� has any dependence upon the energies

or momenta of the decay particles� then a uniform distribution will not be produced

in the E� vs E� plane�

d�
 � const�dE�dE�

Z
d�d�d�z jMj��

This means that the the density at any point in the Dalitz plot is a measure of the

square of the decay matrix element� Any departure from a uniform distribution is

indicative of a dependence of the matrix element upon the energies or momenta of

the decaying particle� Since the Zemach formalism gives us a way of representing the

matrix elements in terms of di�erent spin parity states and intermediate resonances�

then we can use Zemach tensors to determine the combination that provides the

best description of the observed Dalitz plot distribution� We are essentially �tting

the Dalitz plot�

In a Dalitz plot� a choice can be made of what combinations of particles are

plotted against each other in order to best perform the spin analysis� There are four

reactions that can occur to generate the �nal K�
SK

��� state as below�

K��K� � ���K��K�

K��K
� � ���K��K

�

K��K� � ���K
�
�K�

K
��
K� � ���K��K��

There are two possible combinations of particles that can be plotted against each

other� Firstly� we could consider together both K�K and K
�
K combinations� and

plot these against each other� Alternatively� we can consider the K�
chargedK and

K�
neutralK reactions together� where in this case the K��� and K��� mass squared

values could be plotted against each other� Now� K�
ch and K�

ne production can be

expected to be di�erent for background events� incoherentK�K production showing

up as an asymmetry between the K�
ch and K�

ne Dalitz projections� whereas Dalitz

plot populations for all K� mass combinations should be symmetrical for G�parity

eigenstates� In the light of this� the combinations chosen to be plotted against each

other were the K��� and K��� combinations� since this procedure should increase

the di�erence between background and resonant events �see appendix B for further

details��


�



JPG L Decay Mode

	�� S a���
	��

	�� P K�K

��� P a���
	��

��� S K�K

��� D K�K

��� P K�K

��� S K�K

��� D a���
	��

��� P K�K

��� D K�K

Table ���� The total set of waves used in the Dalitz plot analysis�

The matrix elements used for the �t to the Dalitz plot projections were produced

by the use of FOWL !��" which uses a Monte�Carlo routine to generate phase space

distributions for three body events with a given centre of mass energy� It produces

the four�momenta for K�
SK

��� events� together with a weight dependent upon the

position in phase space� These values are then used as input to the code which

uses the Zemach formalism to generate the phase space distributions for various

combinations of JPG� The full set of waves generated are shown in table ���� The

integral of each wave over the total range of phase space was calculated� over the

range ��� GeV
c� to ���� GeV
c� in steps of 	�	� GeV
c�� The waves were then

weighted by the FOWL weight� The waves were normalized to each other according

to the relation

Norm�wave� �

P
WT�FOWL�jM�wave�j�P

WT�FOWL�
�

Waves having the same spin parity assignment can interfere in a Dalitz plot�

When a �t is performed� the negative log likelihood is calculated for a particular

normalised wave for each event� and the sum of the Log likelihoods for a particular

wave is calculated �see Appendix C for details of the Log Likelihood Method�� This

is minimised for each wave using MINUIT !��" to produce the percentage of each

wave required to best describe the data� This method is considered superior to a ��


�



analysis since the likelihood method calculates the probability on an event by event

basis� In order to implement a �� measurement� the Dalitz plot has to be considered

in bins� The choice of bin size a�ects the �� value that will be determined for each

wave�

��� Spin analysis of the f������� meson

The f����
�� region was selected from K�
SK

��� events by requiring that

���� � Mass �K�
SK

��� � � ���� GeV
c��

The Dalitz plot for this mass region is shown in �gure ���� where there are �	�

events� This mass region is the easiest to �t since it is below the K� K threshold

Figure ���� Dalitz plot for the K�
SK

��� mass spectrum in the region 	��
�	��� GeV�c��

�around ��
	 MeV� and so the only intermediate resonance required is the a���
	��

Hence� the only waves that were possible in the f����
�� mass range were�

	��S

���P


�



���D

The Monte Carlo Dalitz plots for the three available waves that the f����
�� can

decay to are shown in �gure ����
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Figure ���� The a� ���S b� 	��P and c� ���D Monte Carlo Dalitz plots for the 	��
 �

	��� GeV�c� mass region�

These waves were �tted to the Dalitz plot projections individually� and the neg�

ative log likelihood values obtained for these three waves is shown in table ���� The

�� per degree of freedom for each of the wave �ts was also calculated for comparison







JPG ln�lik� ��
ndf � wave

	��S ���� ��
� ����

���P ����� ���� 
���

���D �	��� ��	� ����

Table ���� The results of individual wave �ts to the f��	��
� region�

from the Dalitz plot by splitting the Dalitz plot into �		 bins and comparing the

number of events in each bin with the number expected for each wave hypothesis�

These are also tabulated to complement the log likelihood values� The ���P wave

was the most probable single wave having 
��� � ��� �� The f����
�� region was
also �tted using the 	�� and the ��� waves in conjunction with the ��� wave� but

this produced no signi�cant improvement in the log likelihood value� The Dalitz

projections for the f����
�� are shown in �g ��� and the �tted curves are for 
����

���P wave� with ����� background�

��� Spin analysis of the f������� meson

The f�����	� region of the K�
SK

��� spectrum used in the spin analysis was de�ned

to be

���� � Mass �K�
SK

��� � � ���� GeV
c��

The Dalitz plot for the f�����	� mass region is shown in �gure ��� where there are

�	�
 entries� Bands at the K� mass can be seen� The use of side band subtraction

to try to reduce background in the Dalitz plot has been investigated� and ruled

out� Since the shape of the Dalitz plot changes with mass� then the distribution

for masses on either side of the f�����	� mass would have a di�erent shape� and

subtraction would not produce any meaningful reduction in background�

Monte Carlo Dalitz plots for the mass region de�ned by the f�����	� are shown

in �g ��� for the ���S� ���D� ���P and ���S waves� which all decay via the K�K

intermediate step� The Monte Carlo distributions for the other waves considered in

the analysis are shown in �gure ����

The f�����	� mass region was �tted in nine bins of width �	 MeV� The data was

�rst �tted with single waves of JPG values as shown in table ���� In the case of the
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Figure ���� Dalitz plot projections for the f��	��
� mass region of theK�
SK

��� spectrum


with �t as described in the text�

�	



Figure ���� Dalitz plot for the K�
SK

��� mass spectrum in the region 	����	��� GeV�c��

f�����	� � the decay can take place via a���
	� or K�K decay and so the full set

of waves may be considered in the analysis� The results of individual wave �ts are

presented in table ���� together with the calculated �� and log likelihood for each

wave�

The log likelihood distribution and the �t obtained to the data for the ���S

wave are shown in �gure ��


Clearly� the ���S wave is the one that best describes the f�����	�� with ����

� ��� � wave� However� there may be possible contributions from other waves in
conjunction with it� Hence� a two wave spin analysis was carried out� using the ���S

wave together with one other wave� for all other waves available� In addition� two

wave analyses were carried out for each of the waves with one other for all available

combinations� There was only one combination of two waves that produced any

signi�cant increase in the log likelihood in the f�����	� region� the 	��P combined

with the ���S waves� There appears to be no contribution from the 	��S wave�

The wave �t and log likelihood distribution for the f�����	� mass region for the ���

	��P combination is shown in �gure ����

��
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Figure ���� The a� 	��S b� 	��D c� 	��P and d�	��S Dalitz plots for the f��	���� mass

region�
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Figure ���� Monte Carlo Dalitz plots for a� ���S
 b� ���P
 c� 	��P
 d� ���D
 e� ���P

and f� ���D waves considered in the f��	���� spin analysis�
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Figure ��
� Log likelihood and wave �t to the f��	���� mass region of the

K�
SK

��� spectrum for the 	��S wave�
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JPG Ln�likelihood� �rst � bins � ln�lik� ��
ndf � wave

	��S ����� ����� 
	��� ����� 	�	 ����� ���� ����

	��P ��
� ����� �	���� ����� ��� ����� ��
� ����

���P ���� ��	�
� ����� �	��� 	�	 ����� ���� �	��

���S �
�
� ����� ������ ����� �	�� �
��� ���� ����

���D ��
� ����� 
	�	� �
��� 	�
 ����� ��
� �	��

���P 
�
� ����� ����� ����� ��� ���� ���� ����

���S ����� ����� ����� ���
� �� ����
 ���� ����

���D ����� ����� ����� ���� 	�	 ����� ���� ���


���P 
��� ����� ������ ���
� �	�� ����	 ���	 ����

���D 	�	� 	��� ���� ����� ��� �
�� ���� ����

Table ���� The results of individual wave �ts to the f��	���� region�

JPG Ln�likelihood� �rst � bins � ln�lik� ��
ndf � wave ���S� other

���S 	��P �
�
� ����� ������ ����� �	�� �
��� ���� �
�� � ���� ��� � ��	
���S 	��S �
�
� ����� ������ ����� �	�� �
��� ���
 ���� � ���� 	�� � 	��

Table ���� The two wave �ts to the f��	���� region for the 	��S ���P and 	��S ���S

combinations
 the former showing a signi�cant increase in log likelihood from single 	��

wave�

The statistics for the two wave �ts for the ���S wave and both of the allowed 	��

waves is shown in table ���� The contributions made to the overall f�����	� signal

can be gauged by considering the plots of �gure ���	� where the �ts for the ���S

wave a� and the summed 	�� waves b� are shown together with the superimposed

f�����	� �t of the K�
SK

��� mass spectrum� As can be seen� the ���S data follows

closely the �tted Breit�Wigner representation of the f�����	� � whereas the 	��

waves have a very small contribution�

The signi�cance of a change in log likelihood can be gauged by the following

relation !��"�

� �
p
�� L

��
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Figure ���� Log likelihood and wave �t to the f��	���� mass region for the 	��S and

���P waves�
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Figure ���	� The a� 	��S wave and b� ��� wave data from a two wave �t to the

f��	���� mass region� The superimposed curve in each plot is the �t to the f��	���� region

of the K�
SK

��� mass spectrum as described in chapter 
�

where  L is the di�erence in log likelihood between two di�erent hypotheses� For
the two wave combination under consideration� this gives �

����P � ����

This means that the 	��P state is just at the signi�cance level� As has been men�

tioned in chapter �� the observation of a 	�� state in the f�����	� mass region has

been documented by several experiments� It was considered that the presence of

this wave deserved further consideration� This wave was included in the Dalitz plot

analysis discussed subsequently�

��
 Contributions to the Dalitz projections

����� Mis
assignment of particle identity

If one considers the Ehrlich mass plot for the K�
SK

��� channel in chapter �� then it

is apparent that there is a considerable ambiguity in particle assignment for the K�

and the �� tracks� since there is no clearly de�ned peak in the distribution at the

kaon mass squared� Because of this ambiguity� anomalies may appear in the Dalitz

��



plot and its projections for the K�
SK

��� channel�

The proportion of ambiguous events can be determined by considering the num�

bers of various �ags that fall within the f�����	� mass region i�e� in the region

de�ned by�

���� � Mass �K�
SK

��� � � ���� GeV
c��

These proportions were found to be�

� Number of unambiguous events in f�����	� region � ���

� Number of ambiguous events plotted twice in f�����	� region � ���

� Number of ambiguous events plotted once in f�����	� region � ��


So the proportion of ambiguous events is around the ��� level� requiring that these

ambiguity e�ect should be taken into account when attempting to perform a �t to

the Dalitz projections for the f�����	� �

����� Contribution from the 
�� wave

As well as taking into account the mis�assigned events� the 	�� wave must also be

considered in any Dalitz plot analysis since it appears to be signi�cant �the two

wave �t indicates that it represents around ���� of the Dalitz plot�� The e�ect that

this wave has on the Dalitz plot must be ascertained�

��� Evaluation of relative contributions

In order to determine the percentage contribution of each of the above factors�

Monte Carlo Dalitz plots were produced for the ���S and 	�� waves� and for the

background� The Dalitz projections for these distributions are shown in �gure ����

and �gure �����

Further� in order to take account of the mis�assignment of events� ��ipped� events

were produced where the K� and the �� of generated events had their direction

cosines swapped� e�ectively reproducing a mis�assignment� The Dalitz plot projec�

tions obtained for the �ipped events are shown in �gure �����

�
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Figure ����� Dalitz plot projections for the f��	���� mass region of the K�
SK

��� spec�

trum
 for the 	��S wave� The bottom three plots are the background for the three

projections�
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Figure ����� Dalitz plot projections for the f��	���� mass region of the K�
SK

��� spec�

trum
 for ��ipped� events
 as described in text�

These contributions were combined in the following way�

f � �����S� � ��flipped ���S� � 	�bckgnd� � ��flipped bckgnd� � ��	��P ��

Combinations of all these possible contributions to the Dalitz plot were combined

by varying the proportion factors subject to the following constraints�

� Proportion of wave and �ipped wave events � ���

� Proportion of background and �ipped background events � ���

� Proportion of �ipped events �background and wave� � ���

For every iteration� the ��
ndf was evaluated for the three projections ��Kcharged�

�Kneutral and KK�� by calculating the di�erence between the data in the projection

and f � In this manner� the optimum combination was found to be

� Proportion of ���S wave events� � � �� �

� Proportion of �ipped ���S events� � � � �

�		



� Proportion of background events� 	 � �� �

� Proportion of �ipped background events� � � � �

� Proportion of 	�� wave events� � � 	 �

with a �� per degree of freedom of ����� For every iteration� the addition of the

	��P wave produced no signi�cant decrease in ��� The conclusion that can be

drawn� therefore� is that the f�����	� can be well described using only the JPG �

���S wave projections and its momentum mis�assigned projections� The �t to the

Dalitz plot projections in the f�����	� mass window for the best combination of

wave and �ipped wave is shown in �gure ����

��	 Comparison between K	
SK

��
 centrally pro�

duced events at ��� ��� and ��� GeV�c

The relative proportions of f�����	� and f����
�� were evaluated for the WA�� data

at ��	 GeV
c� This was then compared to the previous central production data from

WA���

To allow a meaningful comparison to be made between the two sets of WA��

data and the WA�� data taken at ��	 GeV
c� a cut was made on the Feynman x

region of the central K�
SK

��� system� in order to select a region of good acceptance

for the three experiments� The cut used was jxF j 	 	���� The number of events
present in both meson mass windows for each data set was determined from �ts to

the K�
SK

��� mass spectrum in the xF region selected� The ratio �R� of the number

of events in the f����
�� to the f�����	� for the three experiments are listed in table

��
� The data obtained at ��	 GeV
c is consistent with the data at �		 GeV
c�

The
p
s value for ��	 GeV
c incident protons is ���� and for �		 GeV
c it is ���


whereas for 
� GeV
c the �gure is much smaller� at ����� This explains why the

WA�� data is consistent with the WA�� �		 GeV
c data� yet di�erent from the


� GeV
c data� The change in the ratio of f����
�� to f�����	� with increasing

momentum suggests that the energy dependence of f����
�� production is di�erent

to that of the f�����	� �

�	�
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Figure ����� Dalitz plot projections for the f��	���� mass region of the

K�
SK

��� spectrum
 with �t as described in the text�
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Incident momentum GeV
c Ratio


� 	��
 � 	�	�
�		 	��� � 	�	�
��	 	��� � 	�	�

Table ��
� Ratio of f��	��
� to f��	���� for the �

 ��� and �
� GeV�c centrally produced

K�
SK

��� system�

���� Discussion of results

The Zemach method of analysis used to study the K�
SK

��� channel has the same

type of formalism as that used by the earlier WA�� experiment� It is worthwhile

at this point to mention di�erent experiments that have argued for a di�erent spin

parity assignment than that presented by previous WA�� results� where the WA��

results were consistent with the spin values presented in this thesis� In particular�

the Brookhaven AGS���� experiment studied the reaction ��p� �K���K�
L�n !�
"�

They argued that the data could be interpreted by combining 	�� a���
	�� 	�� K�K

and ��� K�K waves� leaving a smooth ��� K�K contribution� Their conclusions

were that the E meson had the quantum numbers JPC � 	��� decaying mostly via

a���
	��� The authors have� however� never shown an enhancement in the threshold

of the KK Dalitz projection� which is characteristic of the a���
	�� Also� they did

not demonstrate the solution that incoherent K�
charged together with �

�� wave did

not �t their data�

An additional di�erence from the earlier WA�� spin analysis came from authors

who had performed a spin analysis on the Dalitz plot projections of previously pub�

lished WA�� data !��"� They argued that the state that was being observed by the

experiment was in fact a JPC � ��� one� and that the data could be interpreted

best as a combination of JPC � ��� and 	�� waves� However� the comparisons

they made were performed at a �xed mass of the K�
SK

��� system� and this meant

that the Breit�Wigner shape of the resonance was not taken into account� In ad�

dition� when �tting waves to the Dalitz plot projections� then any two dimensional

correlations are not taken into account� The WA�� experiment carried out a spin

analysis of the K�
SK

��� spectrum for the combined 
� and �		 GeV
c data sample

�	�



!��"� where this alternative explanation was ruled out�

���� Conclusions

In the WA�� K�
SK

��� channel� clear f����
�� and f�����	� signals have been ob�

served� Their masses and widths have been evaluated and found to be �

Mf���
�	 � ��
� � � MeV�c�

$f���
�	 � �� � � MeV�c�

Mf�����	 � ���� � � MeV�c�

$f�����	 � �� � � MeV�c�

The ratio of f����
�� to f�����	� at ��	 GeV
c is found to be consistent with that

for K�
SK

��� events produced at �		 GeV
c� yet di�erent from 
� GeV
c data�

implying a di�erent energy dependence for the two mesons�

A spin parity analysis of the K�
SK

��� channel using the Zemach tensor formal�

ism demonstrates that both the f����
�� and the f�����	� have quantum numbers

JPG � ���� The f����
�� is found to decay via the a���
	�� decay mode whereas

the f�����	� decays via the K�K intermediate state only� The f�����	� decay is

described well by ��� wave� and no 	�� wave is required� Since the f�����	� is

also observed in the K�
SK

�
S�

� central production channel !��"� this determines the

C parity of the f�����	� to be positive� From the relation C � ����IG� the isospin

is determined to be zero� Hence the quantum numbers of the f�����	� are found to

be IG�JPC� � 	�������

�	�



Chapter �

Branching ratio calculation for the

f������� in the K�
SK

��� and

�������� channels


�� Introduction

The f����
�� is identi�ed as being the �P� member of the JPC � ��� nonet� having

IG � 	�� Its predominant decay mode is f����
�� � 
��� It has been observed in

the WA�� experiment in the 
��� �� and K�
SK

��� channels� This chapter details

how the branching ratio

f����
��� KK�

f����
��� ��

was determined from the �������� and K�
SK

��� channels in WA���


�� Selection of the �������� channel in WA	�

The reaction

pp�pf ���������� ps

has been selected fromWA�� events where there are six outgoing tracks by imposing

the following cuts on the components of missing momentum�

jmissing pxj � ���	 GeV
c

�	�



jmissing pyj � 	��� GeV
c

jmissing pzj � 	�	
 GeV
c

The delta function�  � de�ned as�

 � MM��pfps� � M�����������

was calculated for each event and used to select good �������� events by requiring

j j � ��	 �GeV
c����

Events containing a fast  �� are removed by imposing the following condition�

m�pf��� � ��� GeV
c��

The mass spectrum obtained for the �������� channel is shown in �g ���� There
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Figure ���� The �������� mass spectrum�

is a prominent peak at ���
 GeV due to the presence of the f����
�� � and there are

also enhancements at ���� and ��� GeV� the X����	� and the X���		�� In addition�

there are re�ections from the 
���� decay of the 

�
and f����
�� giving small

enhancements in the spectrum in the 	�
 and ��� GeV regions� due to a slow ��

from an 
 decay falling within the missing momenta cuts described above� The �t

�	�



in �g� ��� used Breit�Wigners to describe the f����
�� � X����	� and X���		� and

a background of the form bckgnd�m� � a�m�mth�bexp��cm� dm�� where m is

the �������� mass and mth is the �������� threshold mass� For the f����
�� �

the �t produces the following values�

Mf���
�	 � ��
	 � � MeV�c�

$f���
�	 � �	 � � MeV�c��


�� Correction factors due to unseen decay modes

In the KK� channel� assuming that the decay of the central system is via a���
	��

then the possible decay modes are�

K�K
�
��

K�K���

K�K����

Taking into account the Clebsch Gordan coe�cients for the three possibilities� the

observed K�K��� decays represent �
� of the total number of decays� In addition�

K�
SK

��� is half of all K�K��� decays� The reaction K�
S � ���� accounts for �
��

� of all K�
S decays�

Because of all these unseen decays� the number of observed events in theK�
SK

��� channel

must be multiplied by a factor� fKK�� where

fKK� �
�

�
� � �

�

	��
�
� ���� �

In the case of the �������� channel� if we assume that the f����
�� decays via


��� there are again three possible decay modes�


�����


�����


������

In this case� all are equally likely� and so the correction factor to take into account

unseen decays� f
�� � is

f
�� � �

�	�




�� Selection of a compatible xF region

In order to correctly determine the branching ratio for the two channels� events

in the f����
�� region for both channels must come from a compatible region of

the Feynman x �xF � distribution� The xF distribution for the centrally produced

K�
SK

��� and 
�� systems are shown in �gure ��� and ��� respectively�

XF ALL

0

100

200

300

400

500

600

700

800

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Entries    10801

N
O

 O
F 

E
V

E
N

TS

Figure ���� The xF distribution for the central K�
SK

��� system�

Central events having the f����
�� mass de�ned by

���� � Mass �X�� � ���� GeV
c��

were plotted for both channels� The distribution obtained for the K�
SK

��� channel

is shown in �gure ���� This is narrower than the distribution for the 
�� channel�

A cut of jxF j � 	��� was decided upon since in this region the acceptance was

reasonably uniform for central events� This cut allowed most of the events in the

f����
�� region of the K�
SK

��� xF distribution to be considered� The cut also fell

within the limits of the �������� central events in the f����
�� window� where

the acceptance was again reasonably �at� In this way� central events in the same

kinematic region were selected for both channels�
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The mass spectra in the two channels was produced� having implemented the

xF cut� Both spectra were �tted in order to obtain the number of events in the

f����
�� region� In the K�
SK

��� channel� the number in the f����
�� peak found by

�tting the total spectrum� with a �t of the form described in chapter �� is ��
 � ���
In the �������� channel there are a total of ���� � 
� events in the f����
�� peak�


�� Acceptance corrections

The acceptances for both channels were calculated by using mixed events produced

from real �� events� and rotating them about the x�axis� and tracing tracks to see

whether they were accepted� The acceptance as a function of mass of the central

system is shown in �g ���� The acceptance for the K�
SK

��� channel has been

shown in Chapter � �g ���� The acceptance in both channels decreases smoothly

with increasing mass�
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�� E�ciency of the V 	 reconstruction code

One factor that has to be taken into account in theK�
SK

��� channel is the e�ciency

for �nding V � vertices� The number of true V ��s that are successfully reconstructed

must be determined� and this number incorporated in the �nal evaluation of the

branching ratio�

In order to calculate the e�ciency of the V � program� code was written to simu�

late the decay of a central system to a K�� �� and a K�� smearing all tracks coming

from the decay to take into account the experimental resolution of the WA�� ex�

periment� These simulated events were read into the V � program to determine how

many generated vertices were successfully reconstructed�

����� Generation of K�
SK

��� Events

In order to generate simulated K� events� mixed �� events from WA�� were used�

Combinations of two � tracks that had a mass in the range ������� GeV were consid�

ered to form the central X� system� This central system was then made to produce

a K�� �� and K� three particle system�

A primary vertex was generated between ��
	 and ���	 cm in x of the Omega

system� A K�
S was then made to decay in the centre of mass to two pions� and the

system boosted to the lab frame� The lifetime and decay distance were calculated�

based on the lifetime of the K�
S �c� � ����� cm�� and the secondary vertex produced

by adding this decay distance to the primary vertex coordinates�

The two tracks making up the K� were then traced from the decay vertex to x

� ��	 cm in the Omega reference system� taking into account local �eld values in
the tracing� This x coordinate is the position of the �rst of the WA�� MWPC�s� At

this point the direction cosines of each track were re�calculated� In order to check

that the vertices so generated would be accepted by WA��� each track of the vertex

was now traced to further downstream to check that it stayed in the sensitive region

for the MWPCs� The requirement was�

if xVERTEX 	 ��	 trace to � �	 cm
if xVERTEX � ��	 trace to xVERTEX � �	 cm

���



followed by the requirement that the track must lie within the region de�ned by the

chamber i�e� �

jyj � �� cm and jzj � �	 cm

after the extrapolation� This was implemented in order to check that tracks would

pass through at least four of the MWPC chambers�

����� Smearing of Generated vertices

Subsequent to the generation and extrapolation described above� the direction cosines

and positions of the tracks have to be smeared� in order to reproduce the kind of

uncertainties found in real events due to the �nite resolution of the detectors and

the e�ciencies of tracking routines�

In order to produce K��s that mirrored real events� a Gaussian smearing function

was used to smear the momenta of each of the two generated pion tracks� creating

a spread in the total momentum of the V � produced by combining them�

 p �
p�

�	��
p
��

exp�� p�

���
�

where � � � MeV�

φ
λ

z

x

y

p

Figure ���� Dip angle ��� and azimuthal angle �	� de�ned by the momentum of a track


as used in the smearing described in the text�

���



Smearing was introduced on the azimuthal angle��� and dip angle ��� of tracks

�as represented in �gure ���� according to the relations�

 � �
���

�
p
��

exp�� ��

���
�

and

 � � ��� ��

where � � � mradians�

The di�erences in resolution have been documented previously for the Omega

experimental setup !�	"�

This di�erence re�ects the di�erence in resolution of wire chambers with regard

to y and z coordinates� Because of the way the z coordinate is produced� there is a

greater uncertainty in z than in y or x� This in turn leads to a larger uncertainty

in the angle of dip� ��

The direction cosines for each of the two tracks making up the V � were now

recalculated using the smeared values�

����� Smearing of �rst points of tracks

To correctly take account of experimental resolution� the proportion of tracks having

their �rst points in the the �mm chambers needs to be determined� This number

was produced by looking at �rst points on tracks from real data� The proportion

of real V ��s where both tracks had a �rst point in the �mm chambers was �����

and the number having one of the two tracks in the �mm chambers was ������ The

remaining ����� had �rst points for both tracks in the A or B MWPC planes� These

numbers are important since the �mm chambers have a smaller pitch than the A or

B chambers� and as such need a smaller � to describe the track resolution�

The generating code for the K� events were required to smear events according

to the percentages quoted above� The �rst points of each track were smeared by an

amount  point according to the Gaussian distribution�

 point �
�

�
p
��

exp�� x�

���
�

���



where

�y�mm � ��	�

�z�mm � ��	�

�yA�B � ��	�

�zA�B � ��		�

����� Smearing of the primary vertex position

The generated primary vertex has to have an uncertainty associated with it� When

the primary vertex is calculated by the TRIDENT event reconstruction program� it

uses the slow proton information and the re�traced slow track as mentioned previ�

ously� There is an uncertainty in position associated with this� the vertex position

may not be properly reproduced since there may be multiple scattering e�ects in the

target� In the light of this� the generated primary vertex position was smeared with

a Gaussian distribution� in order to give a � 	�� cm spread about the generated
value� This is the observed di�erence between tracks traced from the downstream

chambers and the vertex position established using the slow proton and beam�

The distribution in the �� mass spectrum after the application of the various

smearings applied above were calibrated to the real �� spectrum�

����� Di�erences between generated and reconstructed ver


tex position

Having implemented the smearing factors described above� the smeared direction

cosines and smeared vertex positions were used as input to the V � recovery program�

The original positions of the generated K� vertices were also used� and this enables

comparisons to be made between reconstructed positions and generated ones�

The importance of having a good resolution for �rst points of tracks can be

demonstrated by comparing the di�erence between the reconstructed vertex position

and the original generated position� This di�erence was plotted having smeared the

�rst points of tracks using each of the two di�erent resolutions for the forward

chambers� The plots in �g� ��� shows the di�erence between the reconstructed

���



secondary vertex position and the generated one� Figure ��� a� is produced by using

the �mm chamber resolution for all tracks� whilst ��� b� is produced by using the

resolution required for the A and B chambers in all cases� The resolution of the �mm

chambers clearly gives a far better �rst point for reconstructing tracks accurately�

producing a more accurate vertex position�
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Figure ���� Di�erence between generated vertices and vertices reconstructed using a� the

	mm chamber and b� the A and B chamber resolution�

The di�erence between generated and reconstructed vertices for both the �rst

and second vertex �nding iterations are shown in �g ��
 a� and ��
 b� respectively�

These plots are obtained by having no smearing on any tracks� As can readily be

seen� the second iteration is a far better method for correct reconstruction of the

generated position than just a simple helix approximation� justifying the need for a

second iteration to be performed�

The same plots are shown in �gure ��� after all the smearings described previously

have been applied� The distribution obtained after the �rst iteration is shown in

�g ��� a� and ��� b� shows the distribution after the second iteration� Both the

distributions are centred about zero� with widths

��st � ���
 � 	�	� cm

���
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Figure ��
� Di�erence between generated vertices and vertices reconstructed using a� the

�rst iteration and b� the second iteration
 where no smearing has been implemented�

��nd � ���� � 	�	� cm

respectively� Although smearing causes a greater uncertainty in the vertex position�

the second iteration still produces a narrower distribution� and hence a more accurate

vertex position�

Figure ���	 shows the di�erences between generated and reconstructed vertex

positions for x� y and z after the �nal iteration�

The plots have been �tted with single Gaussians� and the values obtained from

the �t are �

�x � ���
 � 	�	� cm

�y � 	�	�� � 	�		� cm

�z � 	�	�� � 	�		� cm

����� Introduction of other tracks

In order to determine what e�ects the presence of other tracks besides the ones from

the V � would have on vertex reconstruction� tracks originating from the primary

vertex were written out for each event as well as that from the V � vertex� Two

���
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Figure ���� Di�erence between generated vertices and vertices reconstructed using a� the

�rst iteration and b� the second iteration�

tracks were used for each event� one positive and one negative� These were traced

from the primary vertex to the chamber positions� where the same smearing was

performed on the track parameters as previously� These two extra tracks were then

written out with the tracks from the V � for each event� �			 such events were

generated for the study of this e�ect�

The V � recovery program was used to read in the four tracks� and produce

helices by looping over possible combinations� After the second iteration stage� the

program was found to have produced vertices using combinations of tracks from

both the primary and the secondary vertex� The di�erence between the calculated

vertex position and the primary vertex is shown in �gure ����� for the three di�erent

types of vertices reconstructed� These are �

� vertices reconstructed using both tracks generated at the primary vertex� as
shown in �gure ���� a�

� vertices where one of the vertex tracks comes from the generated V �� as shown

in �gure ���� b�

� vertices where both tracks come from the generated V � tracks� as in ���� c��

���
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Figure ���	� Di�erence between generated and reconstructed vertices for a� x position b�

y position and c� z position� Fit is described in the text�
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Ideally� all vertices reconstructed should come from the two tracks from the gen�

erated V �� The vertices that are produced from the two primary vertex tracks lie

predominantly at the primary vertex� and so most will be eliminated after the second

iteration stage when the tight cuts are implemented� The main problem of incor�

rect vertex assignment comes when considering vertices that have been produced by

combining one of the true V � tracks with one of the tracks from the primary vertex�
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Figure ����� Distance from primary vertex after the second iteration for a� vertices where

both tracks originate in the primary vertex b� where one of the vertex tracks comes from

the primary vertex and c� where both vertex tracks come from the generated V ��

Because of the smearing on the track parameters� this means that a signi�cant

number of these vertices are found at a distance that passes the DIFFX cut of �cm�

The same plots as described above are shown in �gure ����� where the DIFFX cut

has been made� The proportion of events passing the DIFFX cut are in the ratio

	��� � 	��� � � for plots a�� b� and c� respectively� In the �nal �� mass plot� after all

cuts had been applied� then the relative proportions had fallen to 	�	� � 	�	� � �� as

indicated in table ���� The background is at a smaller level than that observed in

the real data since real data contains events from other channels that have passed

the K�
SK

��� selection cuts� yet do not have a K� vertex� The ratio calculated

above serves to demonstrate the background produced from K�
SK

��� events only�
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Figure ����� Distance from primary vertex after the second iteration and the DIFFX cut

of � cm for a� vertices where both tracks originate in the primary vertex b� where one of

the vertex tracks comes from the primary vertex and c� where both vertex tracks come

from the generated V ��

Iteration both V � tracks one V � track none

�rst �	�
 ���� ����

second and DIFFX ���� 
�� ���

second and all cuts ���� �
 �	

Table ���� Number of vertices passing subsequent steps in selection
 for the three types

of vertices found by the V � recovery code�

��	



and not events that may have come from mis�assigned events�

����� E�ciency for �nding smeared vertices

It was found from a sample of �			 generated vertices that ���� � were recon�

structed and passed the cuts as described in earlier sections� The �nal �� mass plot

containing these reconstructed vertices is shown in �gure ����� The plot has been

�tted with two Gaussians and the distribution was found to have �� � ��� MeV and

�� � �	�� MeV� This is consistent with the �ts to the �� spectrum for real data�
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Figure ����� The generated �� mass spectrum
 �tted with two Gaussian distributions�


�
 Branching ratio

The branching ratio for the f����
�� with respect to the KK� and ��������

channels is given by

f����
��� KK�

f����
�� � 
��
�

fKK� NK�
S
K��� Acc���� Eff����

f
�� N�� Acc�K�
SK

���� Eff�K�
SK

���� Eff�V ��

The track reconstruction e�ciencies� Eff���� and Eff�K�
SK

��� � were as�

sumed to be the same for both channels� since the events being considered in the

���



Correction Factor K�
SK

��� channel 
�� channel

V � code e�ciency Eff�V �� � 	����

TRIDENT V � e�ciency Eff�V �� � 	���

Acceptance Acc�K�
SK

��� � � 	���
 Acc���� � 	����

Unseen decay modes fKK� � ���� f
�� � ��	

Table ���� Summary of corrections required in the the K�
SK

��� and ��� channels for

branching ratio evaluation�

calculation lie within the same kinematic region� The other correction factor values

are summarized in table ���

Using the number of events in the f����
�� mass window� NK�
S
K��� and N���

and the above correction factors for each channel� the branching ratio for the

f����
�� was determined for both TRIDENT e�ciency� and for V � e�ciency� These

values were then weighted by the number of events found by each V � �nding method

giving a value of branching ratio of �

f����
�� � KK�

f����
��� ��
� �	��� � 	�	���

The Particle Data Group value !��" of the branching ratio for the two channels under

consideration is

f����
�� � KK�

f����
��� ��
� �	��� � 	�	���

It is worth noting that the PDG value comes from previous WA�� experimental

analyses for f����
�� decay� one set of analysis assuming both a���
	�� and 
��

intermediate states� the second assuming 
�� only�

���



Chapter �

Conclusions

Predictions from Quantum Chromodynamics indicate that as well as the conven�

tional bound states of quarks� the baryons and mesons� there should exist glueballs�

hybrids and four�quark states� Several reaction mechanisms have been put forward

as being �glue�rich�� where these gluon rich states may be produced� One such

mechanism is central production� where the momentum exchange at each vertex is

small�

This thesis describes the selection of the central production reaction

pp �pf �X�� ps

at ��	 GeV
c incident proton beam� The data was obtained during a three month

run in the autumn of �����

The method used to develop code that successfully recovers V � vertices in the

WA�� experiment that were mis�assigned as coming from the primary vertex has

been described� The method� involving two iterations in determination of vertex

position has been demonstrated to be superior to a simple helix minimisation�

This code was implemented in order to recover events from the centrally produced

K�
SK

��� system� this channel containing the f�����	� � which is currently without

assignment in the established qq nonets� Clear signals for both the f����
�� and

f�����	� are observed in the K�
SK

��� mass spectrum� A �t was performed on the

K�
SK

��� data� establishing the masses and widths of the two mesons to be

Mf���
�	 � ��
� � � MeV�c�

$f���
�	 � �� � � MeV�c�

���



Mf�����	 � ���� � � MeV�c�

$f�����	 � �� � � MeV�c��

These values are consistent with the values listed by the Particle Data Group�

A spin parity analysis has been performed using Zemach formalism� Single wave

�ts to the Dalitz plot� and subsequent two wave �ts for all combinations of waves

up to spin two demonstrated that both mesons have the quantum numbers JPG

� ���� The f����
�� is found to decay via the a���
	�� intermediate state� The

f�����	� decay is described by the intermediate state K�K� Consideration of the

wave �ts to the Dalitz plot in the f�����	� region and its projections have determined

that no 	�� wave is required to describe the data� and have been used to ascertain

the level of mis�assignment of charged particles in K�
SK

��� events� The energy

dependence of the f�����	� and the f����
�� are found to be di�erent� when the

��	 GeV
c data is compared to earlier central production data at lower incident

momentum�

The branching ratio

f����
��� KK�

f����
��� 
��

has been determined from the K�
SK

��� and 
����� channels to be 	��� � 	�	��
consistent with previous values�

The spin parity assignment determined from the ��	 GeV
c data for the f�����	� is

of considerable interest� When trying to assign the f�����	� a place in the estab�

lished qq nonets� di�culties arise since there is a better candidate for the nonet

where it would be envisaged that the f�����	� would belong� This and other evi�

dence all serves to suggest that the f�����	� is non�qq in nature� and that it is most

probably a K�K molecule�

The WA�� experiment had a further experimental run in April ����� with an

experimental setup that incorporated Cerenkov detectors in addition to the Standard

WA�� layout� This should enable the K�
SK

��� channel to be re�studied with less

ambiguity between the K and the � for K�
SK

��� events than was present in the

data considered in this thesis� and with greater statistics� This should result in a

cleaner f�����	� signal� Because of this� the f�����	� should be able to be further

studied� and more information on its nature will be produced�

���



Appendix A

The Ehrlich mass formula

The Ehrlich mass formula relies upon choosing two particles which can act as a

particle�antiparticle pair� In the case of the K�
SK

��� channel� then these two par�

ticles are the K�
S and the K

�� Their e�ective mass is calculated from the remaining

particle and the momenta of the pair particles and plotted� If a correct assignment

has been made then a peak at the K mass squared should appear�

For a central system decaying to �nal state K�
SK

��� as in �gure A�� then by

applying conservation of energy �

E � Eb � Et � Ef � Es � EK � EK� � E�

E b

E t

E f

E s

E K

Eπ

E Ko

Figure A��� Diagrammatic representation of the centrally produced K�
SK

��� system�
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Now de�ne the quantity A by

A � �EK � EK��� � �E � Ef � Es � E��
�

� E�
K � E�

K� � �EKEK�

� M�
K � p�K �M�

K� � p�K� � �!�M�
K � p�K��M

�
K� � p�K��"

�

�

Now� assuming that MK �MK� then

A � �M�
K � p�K � p�K� � �!M�

K �M�
Kp

�
K �M�

Kp
�
K� � p�Kp

�
K� "

�

�

Also�

�E � Ef � Es � E��
� � �M�

K � p�K � p�K� � �!M�
K �M�

Kp
�
K �M�

Kp
�
K� � p�Kp

�
K� "

�

� �

and we de�ne B by

B� � !�E � Ef �Es � E��
� � p�K � p�K�"�

�
n
�M�

K � �!M
�
K �M�

K�p
�
K � p�K�� � p�Kp

�
K� "

�

�

o�
� �M�

K � �!M
�
K �M�

K�p
�
K � p�K�� � p�Kp

�
K� " � 
M�

K !M
�
K �M�

K�p
�
K � p�K�� � p�Kp

�
K� "

�

�

� 
M�
K � �M

�
K�p

�
K � p�K�� � �p�Kp

�
K� � 
M�

K!M
�
K �M�

K�p
�
K � p�K�� � p�Kp

�
K� "

�

�

From this�

B� � �p�Kp�K� � �M�
K

n
�M�

K � p�K � p�K� � �!M�
K �M�

K�p
�
K � p�K�� � p�Kp

�
K� "

�

�

o
� �M�

K�EK � EK���

and thus

M�
K �

B� � �p�Kp�K�

�A

i�e�

M�
K �

!fE � Ef � Es �E�g� � p�K � p�K� "� � ��pKpK����

� fp�K � p�
K� � f�E � Eb � Es �E��� � p�K � p�

K�gg

���



Appendix B

G parity Eigenstates and the

Dalitz plot

B�� G�parity

G parity is a �
	o rotation about the y axis in isospin space� followed by charge

conjugation� Consider the G�operator acting on a pion wavefunction� j��i� The
rotation reverses I�� converting �� � ��� and C �ips the charge back� �� � ���

We may write

Gj��i � �j��i
Gj��i � �j��i
Gj��i � �j��i

Since the neutral pion is an eigenstate of C� with eigenvalue �� as determined from

�� � �	� then the rotation eigenvalue is ����I � ��� From this� we can write

Gj��i � �j��i�

Since charged pions are not eigenstates of C� they can arbitrarily be assigned a

G�parity� The convention chosen is

Gj��i � �j��i�

In this way� G�parity is useful for describing charged particle� which are eigenstates of

G� but not of C� G�parity extends to the case of n pions� where the G�parity is ����n�

���



and is usful in considering selection rules for meson decays� G�parity conservation

applies in� for example� the pion decay modes of 
���	� � �� where G�
� � ���

and ���
�� � �� where G�
� � ���

If one now considers the case of strange mesons� such as the K� then

GjK�i � �jK�i
GjK�i � �jK�i
GjK�i � �jK�i
GjK�i � �jK�i

i�e� kaons are not eigenstates of either C or G� Only non�strange neutral mesons are

eigenstates of C and G�

To construct wavefunctions involving kaons that are G�parity eigenstates� then

combinations of di�erent kaon states must be used�

B�� G�parity and the K	
SK

��
 system

Consider the KK� system� The amplitude for the state can be described in terms

of the angular momentum of the KK system as

A �
X
l

al#l�KK�

Now� it is possible to construct an amplitude B that describes the interchange

K � K and vice versa where

B �
X
l

al#l�KK�

�
X
l

����lal#l�KK��

These amplitudes can now be combined to form wavefunctions #� that are either

even or odd under K � K interchange

#� �
�A�B�

�
�

X
l�even

al#l�KK�

#� �
�A�B�

�
�

X
l�odd

al#l�KK�

��




A neutral KK� system can be formed in two ways� as either �KK���� or

�KK����� The charged KK system is the one of interest to WA�� and has I���

G�parity may be written as

G � ����l�S�I

where S � 	 for KK and I � �� Since the G�parity of a � is negative� then this

means

G#� � �#�

In order to obtain a complete wavefunction for the states possible� one must consider

the Clebsch�Gordan coe�cients� From tables�

K�� �

s
�

�
��K� �

s
�

�
��K�

K�� �

s
�

�
��K� �

s
�

�
��K�

K
��
� �

s
�

�
��K

�
�

s
�

�
��K�

K�� � �
s
�

�
��K

�
�

s
�

�
��K��

Considering the states with positive strangeness� a wavefunction can be con�

struced for a neutral KK� system with isospin I�

AI �

s
�

�
�K��K� � ����IK��K

�
�

In a similar manner� the wavefunction for negative strangeness can be constructed

by interchange of K and K �

BI �

s
�

�
�K

��
K� � ����IK��K���

By combining these two possibilities� the total wavefunction for the KK� system is

obtained� 'g where

'g �

s
�

�
�AI � gBI�

where g is � �� This can be expresed in terms of the charge state of the � as

'g � $g �(g

���



where

$g �

s
�

�

nn
���K��K� � g���K��K�

o
� ����I

n
���K��K

�
� g���K

�
�K�

oo

(g � �
s
�

��

nn
���K��K� � g���K��K�

o
� ����I

n
���K��K

�
� g���K

�
�K�

oo

There are � possible reactions that can be observed in the WA�� K�
SK

��� channel�

namely

K��K� � ���K��K�

K��K
� � ���K��K

�

K��K� � ���K
�
�K�

K
��
K� � ���K��K��

This means that for the expression for 'g� the term that is of importance is $g� By

setting g to either �� or �� it can be seen that the relation

G$g � g$g

is satis�ed i�e� a neutral KK� system with a charged � has a G�parity given by g�

B�� The Dalitz Plot

For the K�
SK

��� channel� there are four possible combinations which could be

plotted against each other in a Dalitz Plot �

a� M����K�� b� M����K��

c� M����K�� c� M����K
�
�

giving rise to two possible ways of presenting the K�
SK

��� data�

� Respect the charge of states� plotting the charged di�particle combinations
against the neutral ones�

� Respect the strangeness of states� plotting positive strangeness combinations
against negative e�g� a� against b��

��	



In order to determine the signi�cance of the two possible options� consider the

following arguement� From the expression for $g �

��g � ���K��K� � g���K��K�

��g � ���K��K
�
� g���K

�
�K�

where the superscripts designate the charge state of the �� If we now assume that

both of the charge states will have the same admixture of G�parity eigenstates� then

�� � a ��� � b �
�
�

�� � a ��� � b �
�
�

where a and b are two arbitrary complex numbers� If we now respect the strangeness

of states� then this is equivalent to

X � ���K��K� � ���K��K
�

Y � ���K��K� � ���K
�
�K��

If these are now substituted into the expressions for �� and ��� then

�� � a �X � Y � � b �X � Y �

�� � a �X � Y � � b �X � Y ��

If the charges of the combinations is respected� then this means

X � ���K��K� � ���K
�
�K�

Y � ���K��K� � ���K��K
�
�

which leads to

�� � a �X � Y � � b �X � Y �

�� � a �X � Y �� b �X � Y ��

Because of the choice of combinations� the two are now di�erent�

If the strangeness of combinations is respected� then the two amplitudes are

the same� and any background terms such as incoherent K� production are entered

equally on the Dalitz plot� However� in the case where charge is respected� then the

amplitudes are di�erent� this meaning that incoherent production would show up as

an assymmetry in the Dalitz plot projections�

���



Appendix C

The Maximum Likelihood Fit

The MaximumLikelihood Fit method assumes that the observation of a set of quan�

tities xi is related to a set of parameters �i by a probability distribution P��i�xi�� The

maximum likelihood method consists of �nding the set of values �i which maximises

the joint probability density for all the observations� given by

L��� �Y
n

P��i� xi�

where L��� is known as the likelihood� and the product is over the total number of
events observed in the experiment� If one now takes the logarithmic likelihood

ln�L���� �X
n

ln�P��i� xi��

then this is an easier quantity to deal with as we now have a sum rather than a large

product� and both L��� and ln�L���� are maximised for the same set of �� In the
case of �tting the Dalitz plot each xi is a Zemach amplitude for the event� and �i is

the amount of that amplitude� The overall probability for each event is given by

P��i� xi� �
X
i

�i j MJP
i j� ��� �X

i

�i�

whereMJP
i is the Zemach amplitude for a speci�c wave with spin J and parity P�

�i is the amount of that amplitude� and ���P�i� represents the background�

���
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